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Abbreviations
AAD+ 3-aminopyridine adenine dinucleotide
AADP+ 3-aminopyridine adenine dinucleotide phosphate
AMP adenosine monophosphate
ATP adenosine triphosphate
BIFL burst-integrated fluorescence lifetime
CT charge transfer
DAS decay-associated spectra
DTNB 5,5'-dithiobis(2-nitrobenzoic acid)
DTT 1,4-dithiothreitol
EDTA ethylenediaminetetraacetic acid
FAD flavin adenine dinucleotide
FCS fluorescence correlation spectroscopy
FIDA fluorescence intensity distribution analysis
FILDA fluorescence intensity lifetime distribution analysis
FMN riboflavin-5’-monophosphate (flavin mononucleotide)
FNR ferredoxin NADPH-reductase
FWHM full width at half maximum
GFP green fluorescent protein
GR glutathione reductase
GR Y177F glutathione reductase with Tyr 177 mutated to Phe
GR Y177G glutathione reductase with Tyr 177 mutated to Gly
IRF instrumental response function
LipDH lipoamide dehydrogenase
MCA multi channel analyzer
MD molecular dynamics
MEM maximum entropy method
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MOPS 3-morpholinopropane sulfonic acid
NAD+ oxidized nicotinamide adenine dinucleotide
NADH reduced nicotinamide adenine dinucleotide
NADP+ oxidized nicotinamide adenine dinucleotide phosphate
NADPH reduced nicotinamide adenine dinucleotide phosphate
OD optical density
2'P-5'ADP-ribose adenosine 2'-monophosphate 5'-diphosphate β-5'-ribosyl ester
PHBH p-hydroxybenzoate hydroxylase
PHBH Y222A p-hydroxybenzoate hydroxylase with Tyr 222 mutated to Ala
PHBH Y222V p-hydroxybenzoate hydroxylase with Tyr 222 mutated to Val
PMA phenylmercuric acetate
p-OHB 4-hydroxybenzoate
PPPM particle-particle particle-mesh
RMSD root-mean-square difference
SHE standard  hydrogen electrode
SMD single-molecule detection
spFRET single-pair fluorescence resonance energy transfer
TCSPC time-correlated single-photon counting
TRIS 2-amino-2-(hydroxymethyl)-1,3-propanediol
TrxR thioredoxin reductase
TrxR C138S thioredoxin reductase with Cys 138 mutated to Ser
TrxR C138S-PMA thioredoxin reductase C138S treated with phenylmercuric acetate
TrxR wt-PMA wild-type thioredoxin reductase reduced with NADPH and
treated with phenylmercuric acetate and reoxidized
v/v% volume percentage
w/w% weight percentage
wt wild-type


1 Introduction
Parts of this Chapter have been published in:
van den Berg, P.A.W., and A.J.W.G. Visser. 2001. In: B. Valeur & J.C. Brochon, (eds.),
New trends in fluorescence spectroscopy. Applications to chemical and life sciences,
Springer, Berlin, pp. 457-485.
1.1 The intrinsic flexibility of proteins
In essence, life is based on the continuous action of a variety of proteins
controlling (intracellular) chemical reactions. These proteins, better known as enzymes,
act as biocatalysts to speed up chemical reactions which in most cases would not -or only
very slowly- occur spontaneously in nature. In the field of biochemistry, the progress of
such an enzymatic reaction is described by the transition-state theory in terms of free
substrate, protein-bound substrate, a transition state, protein-bound product and free
product (Jencks, 1975; Kraut, 1988). Although the three-dimensional structure of the
enzyme itself is not altered by the overall biochemical reaction, the conformation of the
enzyme may be temporarily affected during part of the reaction pathway, e.g., by binding
of the substrate ('induced fit'). The transition-state theory, however, neglects the existence
of conformational dynamics of the enzyme molecules that may be involved in catalysis.
Since the mid-1970s, many experimental studies have suggested the existence of a
whole landscape of conformational (sub)states within the protein native state, among
which transitions can occur through activated dynamics of the polypeptide chain (Karplus
& McCammon, 1983; Frauenfelder et al., 1986, 1988, 1990, 1991). In this concept,
conformational states are defined as regions in the configurational space surrounding
local potential energy minima, each separated by potential energy barriers. In principle,
these activation energies can vary from practically zero to values in the order of 100
kJ/mol. An interesting point of this model is that protein substates that are nearly
isoenergetic may significantly vary in other properties such as substrate-binding constants
or catalytic rate constants. Conformational transitions of enzymes from (sub)states less
efficient in catalysis (at that particular point in the reaction pathway) to 'more efficient'
substates can thus be regarded as 'functionally important motions'.
Dynamic processes in proteins occur on a wide range of time scales. Distinction
has to be made, however, between vibrational motions (within a single conformational
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(sub)state) and motions that are actually related to a conformational transition.
Vibrational dynamics are characterized by a spectrum of frequencies ranging from
10
14
 s
-1
 (Krimm & Bandekar, 1986) to 10
10
 s
-1 
(Gõ et al., 1983; Brooks & Karplus, 1983).
Modes in the high-frequency range comprise mainly the stretching and bending of bonds,
whereas those in the low-frequency range encompass mainly the collective vibrational
torsional motions in dihedral angles about the bonds. Conformational transition dynamics
are characterized by a spectrum of relaxation times. Under physiological conditions, this
spectrum of relaxation times ranges from 10
-11 
s (local side chain rotations or hydrogen-
bond rearrangements on the protein exterior) to hours or even years (Kurzyñski, 1998a).
Figure 1.1: Cartoon impression of hinge and shear motions involved in the closure
of protein domains upon substrate binding (after Gerstein et al., 1994). Depicted are
two proteins that consist of two domains each, one domain in white, the other in
grey. The spikes represent the local density of the tertiary packing interactions in the
polypeptide chain. Upon binding of the substrate (in black), the conformation of the
enzyme changes involving shear motions (on the left) or hinge motions (on the
right). The resulting structure of the enzyme is a more 'closed' conformation.
Contrary to the vibrational modes, the general mechanisms of motion for
conformational transitions are still not very clear. One of the few 'general rules' known at
this moment is that conformational transitions within the protein native state do not take
place in the entire body of a protein domain, but are predominantly found in liquid-like
regions on the protein exterior that surround more solid-like secondary structure
elements. Based on crystallographic data from free proteins existing in more than one
conformation, and on comparisons between free proteins and protein/substrate
complexes, Gerstein and coworkers (1994) have classified the structural changes
Open
Closed
Shear Motion Hinge Motion
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involved in conformational transitions into basically two types; hinge motions and shear
motions (Fig. 1.1). Hinge motions occur in strands as well as in β-sheets and α-helices
that are not constrained by tertiary packing interactions. Shear motions are found in more
closely packed segments of the polypeptide chain. Whereas hinge motions can generate
rather large changes in the three-dimensional structure of the protein, shear motions
generally result in small structural changes only. By combination of the hinge and shear
mechanisms, a multitude of different kinds of motions can be described. The principle of
hinge and shear motions was found to apply to both large interdomain motions of
proteins, as well as to motions of small protein fragments such as individual loops or α-
helices. Gerstein et al. (1994) noted that proteins that have a predominantly hinged
domain motion usually possess two domains connected by linking regions that are
relatively unconstrained by packing. Proteins with two crystal conformations which show
such a hinge motion are, e.g., lactoferrin (Anderson et al., 1990; Gerstein et al., 1993a),
adenylate kinase (Schulz et al., 1990; Gerstein et al., 1993b) and glutamate
dehydrogenase (Stillman et al., 1993). As with hinge motions, proteins with shear
motions also tend to have specific architectural features. One example is a layered
structure in which one layer can slide over another. Although shear motions have been
found for many different interfaces, a characteristic feature is a helix-helix interface in
which the helices are crossed (interhelical angle between 60° and 90°). Well-known
examples, for which two different conformations were found that can interconvert mainly
via shear motions, are the enzymes citrate synthase (Remington et al., 1982; Lesk &
Chothia, 1984), and alcohol dehydrogenase (Eklund et al., 1981; Colonna-Cesari et al.,
1986).
Another general feature of conformational transitions is the impact of substrate
binding: in many enzymes, the substrate-binding site is located at the interface of
different domains. When the binding site is easily accessible for the substrate in solution
-and in many cases it is-, the enzyme can be regarded as having an 'open' conformation.
Often, the protein domains can close around such a binding site. In general, substrate
binding stabilizes a 'closed' conformation of the enzyme. The opposite is true for enzymes
in which the substrate-binding site is shielded from the solvent by part of the protein, for
instance via a loop region. The occurrence of thermal fluctuations, protein-protein
interactions, or the interaction with a second substrate are then required to 'open up' this
conformation so that the binding site becomes accessible to the substrate. Contrary to the
closed state, which usually yields a single crystal structure conformation, structural data
indicate that the open state can consist of a range of different open conformations. For
instance, X-ray crystallographic studies revealed more than one open conformation for
Chapter 1
16
mutants of T4 lysozyme (Faber & Matthews, 1990; Dixon et al., 1992) and the
leucine/isoleucine/valine-binding protein (Sharff et al., 1992). However, care should be
exercised not to cling to the idea of 'open' and 'closed' conformations as single, discrete,
rigid conformations: many other studies confirm the continuously dynamic character of
the enzyme in both closed and open state, which is invisible with crystallography due to
the crystal-packing forces. The evidence presently available suggests that the open and
closed states of enzymes only differ slightly in energy; at room temperature they will be
in dynamic equilibrium (Gerstein et al., 1994, and references therein).
The current models for describing conformational dynamics can be divided into
two classes: the 'protein glass' and the 'protein machine' (Fig. 1.2; for a review, see
Kurzyñski, 1998a). Both classes have in common that the spectrum of relaxation times
describing conformational transitions seems to be quasi-continuous in the range from
10-11
 
s to 10-7
 
s. In the 'protein glass' model, the spectral density of relaxation times is
assumed to vary according to a power law, which causes the dynamics to be alike in all
time scales. This kind of time scaling can arise from a hierarchy of potential barriers
Figure 1.2: Cartoon representation of a cross-section of a protein domain. Dark grey
regions represent the solid-like secondary structure elements (α-helices or β-sheets),
which are surrounded by more flexible, liquid-like regions. The catalytic centre
-usually located at two or more (spatially) neighbouring solid-like elements- is
depicted in black. In models of the protein machine type, the dynamics of
conformational transitions are treated as quasi-continuous diffusive motions of solid-
like elements relative to each other. In models of the protein glass type, the dynamics
of conformational transitions are considered as diffusive motions of structural
defects through the liquid-like regions. On the level of a complete enzyme, the solid-
like elements may represent protein domains and the active site may be formed by
structural elements from different protein domains (Kurzyñski, 1998a).
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('fractal times'), such as in the famous model of Frauenfelder et al. (1986, 1988, 1990,
1991). In their 'tiers of substates' model, each particular conformational (sub)state
surrounded by high energy barriers comprises a multitude of conformational substates
with lower energy barriers. According to this model, the height of the activation energy
for a conformational transition in each tier is directly related to the magnitude of the
protein motion involved. However, recent evidence suggests that such time scaling can
often equally well originate from a hierarchy of bottlenecks (the entropy barrier heights)
in the network connecting conformations that can be directly interconverted into one
another (the 'fractal space') (Kurzyñski, 1997, 1998a,b). The assumption of infinite time
scaling, however, makes the protein glass model rather unrealistic, and limits its
applicability to only a few levels of the hierarchy (Frauenfelder et al., 1988, 1991). Free
of this disadvantage is the 'protein machine' class of models. In these models, the
activated dynamics of conformational transitions are represented by a quasi-continuous
motion along a few 'mechanical co-ordinates' (Kurzyñski, 1998a). These mechanical co-
ordinates are, e.g., angles describing the mutual orientation of rigid fragments of
secondary structures or domains. Conformational transitions can only take place directly
between two adjacent 'conformational co-ordinates'. Variation of the angle between two
structural elements of a protein goes through a series of well-defined successive
conformational transitions involving interactions at the atomic level such as
rearrangements of hydrogen bonds within the protein, and those between the protein and
the solvent. A hierarchy of 'mechanical elements' can exist in the form of side chains,
secondary structure elements, and domains. According to the protein machine model, a
biochemical reaction can be gated by specific conformational transitions (Fig. 1.3). The
concept of the protein machine has, although perhaps implicitly, been used by various
authors to describe biochemical reaction kinetics. An example of this is the use of
Kramers theory of reaction rates in the spatial diffusion limit (Frauenfelder & Wolynes,
1985) for the interpretation of specific enzymatic reactions in solvents of various
viscosities (Gavish & Werber, 1979; Beece et al., 1980). At this point of time, a
statistical theory is needed that adequately describes the involvement of conformational
dynamics in biochemical processes. An initial attempt hereto was made by Kurzyñski
(1997, 1998a), who has used the concept of the protein machine to describe an enzymatic
reaction involving a single covalent transformation being gated by the enzyme’s
intramolecular dynamics.
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Figure 1.3: Protein machine model of a chemical reaction gated by the transition
between two conformational states of an enzyme (Kurzyñski, 1998a). In the upper
panel, the contour plot describes the potential profile as a function of the reaction co-
ordinate q and the conformational co-ordinate x. Along the reaction co-ordinate, two
minima, ES and EP, are separated by a high potential barrier. Transitions are
possible along the conformational co-ordinate, going from ES to ES' (opening the
gate), through the much lower barrier from ES' to EP' (the gate) and, finally, along
the conformational co-ordinate from EP' to EP (closing the gate). In the second
panel, a one-dimensional profile of the reaction is presented. In the lower panel, the
one-dimensional reaction profile is reduced to the minimum, replacing the chemical
reaction step by a finite transition probability through the border. This potential
profile serves as a basis for the protein machine calculations by Kurzyñski (1998a).
ES
ES’
EP
EP’
EP’
EP
ES’
ES
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1.2 Exploring protein dynamics with intrinsic protein fluorescence
In experiments, the dynamic nature of proteins has been revealed with a variety of
techniques including NMR spectroscopy, X-ray diffraction, inelastic neutron scattering,
Mössbauer spectroscopy, patch clamp techniques, molecular dynamics simulations and
time-resolved fluorescence spectroscopy, thereby covering different time scales (Fig.
1.4). In fluorescence methodology, the most common approach for studying protein
dynamics has been to use the intrinsic fluorescence of tryptophan residues (Beechem &
Brand, 1985; Eftink, 1991; Demchenko, 1992; Millar, 1996; Lakowicz, 1999). Although
tryptophan fluorescence experiments have provided detailed insight into many protein
systems, the applicability of the technique is strongly dependent on the number and
position of the tryptophan residues, as well as on the specific research objective. Reason
for this is the well-known complexity of the photophysical properties of the indole ring.
Because of the degeneracy of energy levels in the excited state (1LA and 
1LB), the
observed nonexponential fluorescence decays are rather rule than exception, even in
proteins that contain only one tryptophan in a rigid protein environment. In addition, fast
depolarization of the fluorescence originating from interconversion between these two
states complicates the interpretation of time-resolved fluorescence anisotropy
measurements (Ruggiero et al., 1990). In particular for the investigation of dynamic
events such as protein motions, these fluorescence characteristics of the indole moiety
prove a serious obstacle.
Figure 1.4: Overview of the time window of various experimental techniques for
investigating conformational transitions. The boundary of 10-11 s on the left side
represents local conformational transitions on the protein surface or liquid-like
regions. The boundary of 105 s on the right side represents the spontaneous
unfolding of proteins under physiological conditions.
NMR: relaxation param., lineshape analysis, chem. exchange
patch clamp technique
fluorescence depolarization & quenching
Mössbauer spectroscopy
chemical kinetics
hydrogen exchangenumerical simulations
10-11                      10-7                        10-3                        10                          105      s
Chapter 1
20
A possible way to overcome these problems is to attach an external fluorescence
label such as an artificial dye to the protein, or to fuse the protein of interest with the
natural fluorescent Green Fluorescent Protein (GFP) (Tsien, 1998). Fluorescence
resonance energy transfer measurements on biomacromolecules which contain both an
(artificial) energy donating and an energy accepting moiety are now routinely performed
to gain information on the geometric and dynamic properties of proteins, protein
complexes, nucleic acids or mixtures of them (Clegg, 1996). For the investigation of
large overall protein motions, fluorescence labelling has proven to be particularly
suitable. However, for the study of more subtle processes such as protein dynamics in the
active centre of enzymes, where protein packing obstructs the use of external labels, the
natural fluorescence of the protein is still the most appropriate tool.
1.3 Using the natural fluorescence of the flavin cofactor
A particularly interesting class of enzymes for investigating the role of
conformational dynamics in catalysis, are the flavoenzymes. Flavoenzymes are involved
in numerous redox processes in metabolic oxidation-reduction, photobiology and
biological electron transport (for an overview, see Müller, 1991). Members of this
widespread class of enzymes contain as redox-active prosthetic group the naturally
fluorescent flavin cofactor. Flavin cofactors are derivatives of riboflavin, a compound
better known as vitamin B2. Whereas bacteria and plants are able to synthesize vitamin
B2, higher organisms are dependent on the uptake of riboflavin via nourishment. The
enzymes flavokinase and FAD synthase can subsequently convert riboflavin into flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD), the cofactors commonly
found in flavoproteins (Fig. 1.5).
Both from the biochemical and the biophysical point of view, the essential part of
the flavin cofactor is the isoalloxazine ring (Fig. 1.5). The cofactor is able to act as an
redox-mediator through this three-membered ring system, which can exist in the oxidized
flavoquinone, one-electron reduced flavo-semiquinone, and two-electron reduced flavo-
1,5-dihydroquinone states. In general, the atom N5 -and to a lesser extent C4a- of the
isoalloxazine ring acts as electrophilic site during catalysis. The redox properties of the
flavin are subtly modulated by the protein environment, which makes it a very versatile
molecule that is involved in a wide range of enzymatic reactions. The photophysical
properties of the isoalloxazine ring have made the chromophore a rewarding tool for the
spectrum of optical spectroscopic techniques currently available. Owing to the relatively
high extinction coefficient in the blue spectral region, oxidized flavins have a
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CH3Figure 1.5: Molecular structures of FMN and FAD in the oxidized state. In the
flavin moiety, the hydrophobic dimethyl-substituted benzene-like ring is indicated
with A, the pyrazine-like ring with B, and the polar pyrimidine-like ring with C.21
teristic yellow color. As the absorption of unpolarized as well as polarized light is
nced by the protein environment, optical techniques are commonly used to study
roteins and their interactions. In general, however, fluorescence techniques provide
st sensitive tool.
Flavins and flavoproteins emit green light which allows highly selective detection.
uorescence spectral characteristics as well as the fluorescence quantum yield of
s strongly depend on the environmental factors such as dielectric constant,
tive index, and solvent polarity. In aqueous solution, riboflavin and FMN possess a
 high fluorescence quantum yield (Q = 0.26; Weber, 1950). FAD, however, is much
uorescent (Q = 0.03; Weber, 1950) because of the formation of an intramolecular
ex between the flavin and adenine moieties. This reduction in quantum yield was
 to result from both static and dynamic quenching of the flavin fluorescence
cer & Weber, 1972; Visser, 1984). In general, the flavin cofactor is bound to the
n in an extended conformation. Consequently, the intramolecular quenching of the
olecule is removed, implying that the fluorescence characteristics are determined
 protein environment in the  same way as those of bound FMN. In contrast with the
scent oxidized state, the flavin in the reduced state is hardly fluorescent. As a
uence of this low intrinsic fluorescence and the complex photophysical and
hemical behaviour in the reduced state, fluorescence studies are normally restricted
ized flavins and flavoenzymes.
Chapter 1
22
The structural, electronic, and photophysical features of the flavin molecule have
been studied extensively (Platenkamp et al., 1980, 1987; Hall et al., 1987a,b; Heelis,
1991; Zheng & Ornstein, 1996). In the oxidized state, the isoalloxazine ring of the flavin
is planar, irrespective of its protonation state or hydrogen-bonding environment, due to
electron delocalization among the three rings (Zheng & Ornstein, 1996). High-resolution
crystal structures of many flavoenzymes in the oxidized state have shown either a
completely planar flavin ring, or one that only slightly deviates from planarity. Ab initio
molecular orbital calculations have revealed a (nearly) planar structure for the flavin
semiquinone radicals as well. In the reduced state, free flavins are most likely bent
around the N5-N10 axis with typical fold angles of ~27°, giving the reduced flavin a
'butterfly' shape (Hall et al., 1987a; Zheng & Ornstein, 1996). A recent crystal structure
of thioredoxin reductase in the reduced state indeed displayed a bent conformation for the
1,5-dihydroflavin (Lennon et al., 1999). The dimethyl-substituted ring (ring A in Fig. 1.5)
is relatively electron-rich, while ring B and C of the oxidized flavin are in increasing
order electron deficient, resulting in a permanent ground-state dipole moment of 7.8 D as
depicted in Figure 1.6 (Platenkamp et al., 1980). The direction of the optical transition
moments from ground state to both the first and the second singlet excited states has been
determined by Johansson et al. (1979). The angle between the absorption and emission
dipole moment of the first electronic transition is ~16°, as ascertained from the
fundamental anisotropy of the flavin. The direction of the emission dipole moment was
deduced from homoenergy transfer studies (Bastiaens et al., 1992a; Fig. 1.6). Free flavins
have a high triplet quantum yield (~0.6 for FMN, ~0.15 for FAD) and the intrinsic
Figure 1.6: Representation of the 7,8-dimethylisoalloxazine ring with the dipole
moments in ground state (D-S0) and lowest excited triplet state (D-T1), and the
directions of the absorption (µa) and emission (µe) transition moments.
D-S0D-T1 µa
µe
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lifetime of the triplet state of the isoalloxazine ring is rather long (5-50 µs for FMN,
Heelis, 1991, and references therein). The transition to the first triplet excited state is
accompanied by a redistribution of charges towards the ring system so that the dipole
moment is reduced to 4.8 D (Platenkamp et al., 1980). Free flavin compounds are
involved in various photochemical reactions. Well-known examples are the photolysis of
the ribityl side chain and the photoreduction by electron-donating compounds such as
amines and EDTA (for a review, see Heelis, 1991).
1.4 Flavin fluorescence as a probe for flavoprotein dynamics
Owing to their general occurrence and the wide range of biologically important
reactions that they catalyze, flavoenzymes have since long been subject of investigation.
Based on the chemical reactivity, and the concomitant differences in the protein structure,
flavoenzymes have been grouped in a variety of different flavoenzyme families. As
mentioned above, in nearly all flavoenzymes the FAD cofactor is bound in an extended
conformation. The fluorescence characteristics of protein-bound flavins are therefore
dependent on the exact amino acid composition of the direct environment of the
isoalloxazine ring as well as its solvent accessibility. The most fluorescent flavoprotein is
the yellow fluorescent protein from bioluminescent bacteria with the exceptionally high
fluorescence quantum yield of ~0.6 (Visser et al., 1997). This flavoprotein, however, was
specially designed for emitting light. The fluorescence quantum yield of the
flavoenzymes involved in redox catalysis is considerably lower. With a quantum yield of
~0.1, lipoamide dehydrogenase and thioredoxin reductase belong to the most fluorescent
flavoenzymes known thus far. In many flavoproteins (e.g., in E. coli glutathione
reductase), the flavin fluorescence is so heavily quenched (Q << 0.01) that they were
traditionally regarded as 'nonfluorescent'. However, recent studies with picosecond time
resolution (see also Chapters 2 and 4 of this thesis) have shown that the idea of
nonfluorescent flavoproteins should be abandoned.
An important aspect in studying flavoproteins by fluorescence methods is the
binding of the prosthetic group. In most flavoproteins, the flavin cofactor is
noncovalently bound. In a small number of flavoenzymes the flavin ring is covalently
linked to a histidine, cysteine or tyrosine of the polypeptide chain (Singer & McIntire,
1984; Decker, 1991). Well-known examples of covalent flavoproteins are, for instance,
succinate dehydrogenase (Robinson et al., 1994; Krebbs cycle), monoamine oxidase
(Zhou et al., 1995; inactivation of neurotransmitters) and vanillyl alcohol oxidase
(Mattevi et al., 1997; vanillin production). The dissociability of the flavin cofactor can in
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principle seriously hamper fluorescence studies. Fortunately, in quite a lot of
flavoproteins -among which are most of the disulfide-oxidoreductases from E. coli- the
affinity for the prosthetic group is quite high with equilibrium dissociation constants in
the (sub)nanomolar range. However, other flavoproteins such as yellow fluorescence
protein loose their flavin cofactor relatively easily (40 nmol/l < Kd < 1 µmol/l). Although
the presence of free flavin should be avoided in all fluorescence experiments on
flavoproteins, extreme care should be exercised in time-resolved fluorescence
investigations on conformational dynamics of proteins. For a proper interpretation of
fluorescence lifetime and anisotropy data in terms of different species or enzyme
conformations, the absence of free flavin is essential, especially for enzymes with a low
flavin fluorescence quantum yield.
In addition to suitable characteristics of the chromophore, other prerequisites for
investigating the role of active-site conformational dynamics in catalysis by fluorescence
methods are the availability of a high-resolution three-dimensional structure of the
enzyme, and the availability of detailed information concerning its catalytic mechanism.
Since the mid-1980s, crystallographic studies have rapidly increased the number of
flavoproteins of which the three-dimensional structure is known in detail. In the same
period, the time resolution of fluorescence methods has improved to a level that dynamic
events on the (sub)nanosecond time scale can be detected. Time-resolved fluorescence
decay and anisotropy studies on lipoamide dehydrogenase (Visser et al., 1980; de Kok &
Visser, 1987; Bastiaens et al., 1992a,b), NADPH-cytochrome P-450 reductase (Bastiaens
et al., 1989), D-amino acid oxidase (Tanaka et al., 1989a,b), human glutathione reductase
(Bastiaens et al., 1992b) and flavodoxin (Leenders et al., 1993a,b) have laid a basis for
the relation between flavin fluorescence characteristics and structure-function
relationships in flavoenzymes. Fluorescence anisotropy analyses have yielded
information on energy transfer between flavin cofactors in (homo)dimeric enzymes, local
mobility of the isoalloxazine ring, possible dissociation of the flavin cofactor, and –if
fluorescence lifetime and molecular mass allowed it- overall protein tumbling (for more
details, see van den Berg & Visser, 2001). As many flavoenzymes are dimers, tetramers
or even octamers, homoenergy transfer between the flavins is often a source of
fluorescence depolarization to be considered. By calculating the time constant for energy
transfer from the inter-flavin distance and orientation of the flavin rings in a high-
resolution crystal structure, and testing the temperature invariance of the process,
homoenergy transfer can be  recognized rather easily (Bastiaens et al., 1992a,b; Visser et
al., 1998). Fluorescence decay experiments on flavoproteins have in general yielded
heterogeneous flavin fluorescence decays. In the earliest studies, these have been
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explained in terms of protein dynamics (relaxation processes) and conformational
differences, in line with the interpretation of heterogeneous fluorescence quenching in
tryptophan-containing enzymes: whereas analysis of the fluorescence decay through a
quasi-continuous distribution of time constants often resulted in interpretations in terms
of relaxational processes, analysis by a sum of exponentials frequently led to the
suggestion of the existence of just as many protein conformational states. For many
protein systems, either one or both of these explanations may indeed contribute to the
heterogeneous fluorescence decays found. However, a theoretical paper of Bajzer and
Prendergast (1993) opened up a new way to explain heterogeneous fluorescence decays.
The basic assumption in explaining fluorescence lifetime data in terms of
conformational substates is that in each protein conformation the interactions between the
chromophore and its direct environment will result in a single fluorescence lifetime.
Bajzer and Prendergast (1993) demonstrated that this assumption is not necessarily
correct by showing that the nonexponential fluorescence decay of several tryptophan-
containing proteins can be explained by energy transfer to different acceptor sites in the
protein, which all contribute with a certain probability to deexcitation of the donor. In this
so-called 'multiple quenching sites' model, the heterogeneity in fluorescence decay can
arise from a multiplicity of competing interactions that involve transfer of energy in a
broad sense between the light-excited chromophore and different sites in the molecule. In
contrast to the conformationally determined models of quenching, which all assume
energy transfer via collisional quenching, the model of multiple quenching sites is not
dependent on collisions, but includes other deexcitation processes such as fluorescence
resonance energy transfer and electron transfer. A heterogeneous fluorescence decay can
then be observed from a single protein conformation. In the research described in this
thesis, experimental evidence was obtained to support this model for multiexponential
fluorescence quenching.
In practice, it is often difficult to determine whether a heterogeneous fluorescence
decay originates from different protein conformations, relaxation processes, multiple
quenching sites, or a combination of these. A major handicap for the interpretation is that
conventional fluorescence methods yield information on an ensemble of molecules, in
which different quenching mechanisms may determine the fluorescence characteristics of
different individual molecules.
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1.5 From ensembles to single molecules
A recent breakthrough for solving such dilemmas has been the development of
experimental single-molecule (fluorescence) detection techniques. Until the mid-1990s, it
was only possible to perform measurements on ensembles of molecules, so that the data
obtained showed the average properties of the investigated systems. This imposes an
intrinsic barrier to studying protein conformational dynamics, where the deviation from
average itself is the subject of investigation. Recent progress in the field of opto-
electronics has made it possible to detect individual molecules. Single-molecule detection
(SMD) allows one to examine the features of individual members of heterogeneous
populations of molecules. In principle, by registering the physical and chemical
properties of a large number of single molecules, and by analyzing the time trajectories of
the observed properties, a full picture of the population including its subpopulations and
of distributions of properties can be acquired. Static disorder, which is the intrinsic
heterogeneity of a specific property of molecules of the same (genetic) population
irrespective of time, and dynamic disorder, which shows the time-dependent fluctuations
of this property of an individual molecule, can be detected and distinguished. SMD is
especially advantageous for investigating fluctuating systems under equilibrium
conditions, but can also provide information on dynamic properties and reaction
pathways of molecules in nonequilibrated systems.
Single-molecule experiments make use of various detection methods such as
patch clamp (for a review, see Sakmann & Neher, 1995), atomic force microscopy (Rees
et al., 1993; Radmacher et al., 1994), scanning tunneling microscopy (Baro et al., 1985;
Binnig et al., 1986), and enzymatic assays of highly diluted systems (Xue & Yeung,
1995). Many of the current SMD methods are based on the fluorescence detection of
single molecules tagged with fluorescent labels (for reviews, see Weiss, 1999, 2000; Xie
& Trautman, 1998; Nie & Zare, 1997). Although a wide range of fluorescence SMD
techniques has been developed for answering specific research questions, these
techniques are based on similar principles. Upon selecting an extremely small volume
element (femtoliter) with a focussed laser beam that repetitively excites the molecule
within the confocal spot, a burst of fluorescence photons from a single molecule can be
generated. For each single molecule, this burst can be analysed for properties such as its
brightness, duration, repetition frequency ('on' and 'off' times), anisotropy, and spectrum.
The different analyses can provide information on a variety of molecular properties
including size, fluorescence lifetime, constants of translational and rotational diffusion,
and concentration. In addition, molecular interactions such as binding, co-localization,
and even enzymatic turnover can be visualised.
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In the last years, various fluorescence SMD techniques have been developed for
freely diffusing molecules as well as for surface-bound systems. The main advantage of
the latter approach is the increased time period for which one and the same molecule can
be investigated. Molecules, which are either attached to a surface via a noninvasive linker
(Macklin et al., 1996; Ha et al., 1996, 1998; Wennmalm et al., 1997) or entrapped in a gel
system (Lu et al., 1998), can be spotted with a fluorescence microscope and continuously
observed until photobleaching irreversibly destroys the molecules under study. For freely
diffusing molecules, fluorescence correlation spectroscopy (FCS) is an important
fluorescence SMD technique. In FCS, of which the theoretical concept dates back to the
1970s (Magde et al., 1972; Elson & Magde, 1974; Ehrenberg & Rigler, 1974), the
fluctuations in fluorescence intensity of single fluorophores in time are analyzed via the
autocorrelation function (Rigler et al., 1993; Eigen & Rigler, 1994). FCS is particularly
suitable for retrieving information on diffusion properties and concentrations. By the
recent development of two-color FCS, this technique is rapidly expanding as a tool for
molecular interaction and co-localization studies (Schwille et al., 1997; Kettling et al.,
1998)
In 1996, Edman et al. have been the first to report on a conformational transition
at the single-molecule level. Since then, sensitive techniques have been developed to
study conformational fluctuations of biomolecules free in solution, including kinetics. A
very powerful approach particularly suited for retrieving distance information is single-
pair fluorescence resonance energy transfer (spFRET; for excellent overviews, see Weiss,
1999, 2000; Deniz et al., 2001). In spFRET, the resonance energy transfer efficiency
from the donor label to the acceptor label of a doubly labeled system can be used to
distinguish subpopulations with different intramolecular distances or orientations (Deniz
et al., 1999; Ha et al., 1999). Another promising technique for single-molecule dynamics
is BIFL (Burst-Integrated Fluorescence Lifetime) spectroscopy, which allows
simultaneous registration of fluorescence intensity, lifetime and anisotropy for freely
diffusing molecules in a multi-dimensional way (Eggeling et al., 1998; Fries et al., 1998;
Schaffer et al., 1999). This method combines the advantages of time-resolved and
fluorescence correlation spectroscopy. Molecular conformations can then be monitored
directly through the fluorescence lifetimes, and concomitantly a statistical analysis of the
kinetic and physical properties of the fluorophore can be performed. Similar histogram-
based fluorescence fluctuation techniques based on the fluorescence intensity distribution
analysis method (FIDA) are now developed for addressing fluorescence lifetimes
(FILDA) and anisotropy (2D-FIDA) at the single molecule level (Kask et al., 2002). An
exciting current development is the use of fluorescence polarization for detecting
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dynamic changes in orientation. Essential for single molecule fluorescence polarization
anisotropy (smFPA) is the rigid tethering of the fluorophore so that changes in the
orientation of the emission dipole moment directly correspond to angular motions of the
biological system. Recent developments in ratiometric-diffusion methods, particularly
smFPA and spFRET, have been reviewed by Weiss (2000) and Deniz et al. (2001).
The development of SMD techniques opens up new ways for exploring the active-
site dynamics of flavoenzymes through natural flavin fluorescence. Important in this
respect is complete understanding of the fluorescence characteristics of the chromophore
under the conditions used in single molecule spectroscopy. For the interpretation of
fluorescence characteristics in terms of conformational dynamics, profound insight in the
molecular dynamics and transition pathways is required. Molecular dynamics simulations
can yield such information at the single-molecule level.
1.6 Functionally important motions in flavoenzymes; an introduction to
glutathione reductase, thioredoxin reductase and p-hydroxybenzoate
hydroxylase
For investigating functionally important motions in flavoenzymes, one has to
make a selection from the wealth of enzymes for which detailed structural and kinetic
information is available. An evident criterion for making this choice are indications that
these motions may indeed play a role. Such indications often arise from the three-
dimensional structure of the enzyme, e.g., when crystal structure data show more than
one conformation, or when the resolved structure does not provide a clear pathway for the
catalytic reaction. Kinetic and spectroscopic studies, however, can yield such signs as
well. Various flavoenzymes from different subclasses have been shown to satisfy this
criterion. For research described in this thesis, three flavoenzymes were selected for
which crystal structure data have suggested different types of functionally important
motions; glutathione reductase, thioredoxin reductase, and p-hydroxybenzoate
hydroxylase.
Glutathione reductase (GR) is an example of a flavoenzyme in which a small
motion of an amino acid side chain plays an evident role in catalysis. The enzyme is one
of the best-studied flavoproteins arising from its crucial function in a variety of cellular
processes; by catalyzing the NADPH-dependent reduction of oxidized glutathione
(GSSG), the enzyme is responsible for maintaining a high GSH over GSSG ratio in cells
(for a review, see Williams, 1992). Glutathione reductase belongs to the pyridine
nucleotide disulfide-oxidoreductase family, which includes, among others, thioredoxin
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reductase (vide infra) and lipoamide dehydrogenase. The enzyme is a homodimer and
contains one redox-active disulfide bridge and one molecule of FAD per ~50 kDa
subunit. High-resolution crystal structures have provided detailed structural information
on GR from various sources including human erythrocytes and E. coli (Thieme et al.,
1981; Karplus & Schulz, 1987, 1989; Ermler & Schulz, 1991; Mittl & Schulz, 1994). One
of the most compelling structural characteristics is the position of the tyrosine adjacent to
the flavin (Tyr177 in E. coli GR and Tyr197 in erythrocyte GR): this tyrosine residue
blocks the active site thereby preventing the binding of NADPH. The catalytic
mechanism, which was based on three-dimensional structures of free and substrate-bound
forms of the human enzyme (Pai & Schulz, 1983), therefore includes a movement of this
tyrosine away from the flavin (Fig. 1.7).
Figure 1.7: Representation of part of the active-site structure of glutathione
reductase from crystallographic data. Shown are the relative positions of the
isoalloxazine ring of FAD and Tyr177 in the free enzyme (top panel; Mittl &
Schulz, 1994) and in the enzyme complexed with NADP+ (lower panel; Mittl et al.,
1994). Note that in the latter case Tyr177 has moved away from the isoalloxazine.
Rotation of a complete protein domain is involved in the catalytic mechanism of
E. coli thioredoxin reductase (TrxR). This enzyme catalyzes the NADPH-dependent
reduction of the protein substrate thioredoxin, which is involved in cellular processes
such as ribonucleotide reduction and protein folding (for a review, see Williams, 1992,
1995). Whereas the human enzyme resembles glutathione reductase, the E. coli enzyme
Tyr177
Tyr177
FAD
FAD
NADP+
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shows a remarkably different crystal structure (Waksman et al., 1994; Kuryian et al.,
1991), in which no obvious path for the flow of electrons from NADPH to thioredoxin is
found. The monomers (35 kDa) of the homodimeric enzyme consist of an NADPH-
binding domain and an FAD-binding domain, connected by a double-stranded β-sheet. In
the crystal structure, there is no binding site present for thioredoxin. Moreover, NADPH
is bound far away from the flavin ring (17 Å), and its access to the isoalloxazine ring is
blocked. By graphically rotating the NADPH domain over 66°, Waksman et al. (1994)
showed that the above-mentioned problems could be overcome. In the rotated structure,
the nicotinamide and isoalloxazine rings are in close contact with each other, and the
redox-active disulfides move from the inside (near the flavin) to the surface of the protein
where they become accessible for the protein substrate. It was therefore proposed that E.
coli thioredoxin reductase has two conformational states: a conformation in which the
111
Figure 1.8: Cartoon representation of the mutant C138S of E. coli thioredoxin
reductase (TrxR) in the FO and FR conformations. The FAD and pyridine nucleotide
domains are indicated as triangles and connected by lines depicting the double-
stranded β-sheet. FAD is represented by three circles, PN indicates bound pyridine
nucleotide. Although the rotation between the FO and FR is shown as a 180° in this
illustration, it is actually 67° (Lennon et al., 2000).
rings of NADPH and FAD are juxtaposed (FR), and the form corresponding to the crystal
structure (FO) (Fig. 1.8). Steady-state fluorescence studies on wild-type TrxR and mutant
enzyme TrxR C138S provided strong indications for the existence of the FO and FR
conformations in solution (Mulrooney & Williams, 1997). Only recently, crystal structure
analyses of the crosslinked enzyme/protein substrate complex have indeed revealed the
FR conformation (Lennon et al., 2000).
OHSH
138135
OHSH
138 135
FAD domain
pyridine nucleotide
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FO FR
pyridine nucleotide
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A different type of motion, namely that of the isoalloxazine ring of the flavin
cofactor itself, is found in the enzyme p-hydroxybenzoate hydroxylase (PHBH)
(Schreuder et al., 1994; Gatti et al., 1994). This aromatic hydroxylase catalyses the
conversion of p-hydroxybenzoate into 3,4-dihydroxybenzoate using NADPH and
molecular oxygen (for a review, see Entsch & van Berkel, 1995). Crystallographic studies
of binary enzyme/substrate complexes showed the isoalloxazine part of the FAD cofactor
in two distinct conformations (Schreuder et al., 1994). The 'in' conformation, in which the
flavin ring is located in the active site, was found for the enzyme saturated with p-
hydroxybenzoate. Binding of substrates bearing a hydroxyl group at the 2-position (2,4-
dihydroxybenzoate, 2-hydroxy-4-aminobenzoate) led to the 'out' conformation, in which
the isoalloxazine ring has moved towards the surface of the protein (Fig. 1.9). 11111
Figure 1.9: Stereoview of the movement of the isoalloxazine ring in p-
hydroxybenzoate hydroxylase (PHBH). Presented is the active-site region of PHBH
in the complex with 2,4-dihydroxybenzoate (Schreuder et al., 1994). The flavin
occupies the 'out' conformation (open bonds). The 'in' conformation of the flavin in
the wild-type PHBH/p-hydroxybenzoate complex is shown in solid bonds
(Schreuder et al., 1989).
Absorption difference spectra of the binary enzyme/substrate complexes were found to
reflect these conformational differences. Crystallographic data Gatti et al., 1994) and
spectral data (van der Bolt et al., 1996) on mutant enzymes, in which Tyr222 was
replaced, demonstrated that this particular residue is involved in flavin motion. In PHBH,
mobility of the flavin itself is essential for catalysis: whereas the flavin in the 'in' position
provides a suitable environment for efficient hydroxylation of the substrate (shielded
from the solvent), the swinging 'out' of the flavin creates a pathway for substrate binding
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and product release. Recent crystallographic data of the substrate-free enzyme showed
that the isoalloxazine ring is indeed flexible, and on average located at a position
intermediate between the 'in' and 'out' conformation (Eppink et al., 1999).
The flavoenzymes introduced above are all large systems with complicated
dynamic and kinetic features. In a first approach to investigate conformational dynamics
through single molecules flavin fluorescence detection, and to relate flavin fluorescence
characteristics to dynamic properties as obtained from MD simulations, the flavin
cofactor FAD provides an elegant system.
1.7 Outline of this thesis
Research described in this thesis was aimed at gaining more insight into the
active-site dynamics of dimeric flavoproteins by means of fluorescence relaxation
spectroscopy. Three flavoproteins for which crystallographic data have suggested
different types of functionally important motions were chosen as central systems; E. coli
glutathione reductase, which displays a local conformational change in the protein
environment; E. coli thioredoxin reductase, for which a major domain rotation was
proposed to be essential for catalysis; and P. fluorescens p-hydroxybenzoate hydroxylase,
in which the isoalloxazine ring of the flavin cofactor itself is mobile during catalysis. For
interpretation of fluorescence data in terms of dynamic events in the proteins, explicit
attention was paid to the photophysical and dynamic characteristics of the flavin cofactor.
 In Chapter 2, the dynamic properties of wild-type E. coli glutathione reductase
(GR) are studied in comparison with those of the mutant enzymes GR Y177F and GR
Y177G. Emphasis is laid on the relations between fluorescence lifetime patterns, protein
dynamics and the mechanisms for fluorescence quenching in proteins. Experimental
evidence is provided for  the multiple quenching sites model.
The implications of the comparative study on the gluthatione reductase enzymes
for the interpretation of time-resolved fluorescence anisotropy decays are described in
Chapter 3, where a new mechanism for flavin fluorescence depolarization is proposed.
Chapter 4 focuses on the conformational dynamics of E. coli thioredoxin
reductase (TrxR) and the mutant enzyme TrxR C138S. Two catalytically important
conformational states of the enzyme are detected and characterized by (sub)picosecond
time-resolved and spectrally resolved fluorescence techniques. Flavin fluorescence
relaxation experiments are combined with steady-state optical techniques to gain insight
into the dynamic properties of the enzyme and the conformational equilibrium. The
importance of enlarging the time window for the fluorescence detection of dynamic
events is discussed.
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The mobile flavin in p-hydroxybenzoate hydroxylase (PHBH) is subject of a time-
resolved fluorescence investigation in Chapter 5. Different binary (mutant)
enzyme/substrate (analogue) complexes are used to direct the conformation of the
cofactor. The chapter reflects on possibilities and limitations of ensemble fluorescence
lifetime data for studying protein dynamics.
In Chapter 6, a link is created between time-resolved fluorescence data of
ensembles of molecules and the molecular dynamics of single molecules as retrieved
from molecular dynamics (MD) simulations. Hereto, the system of investigation is
simplified to the FAD cofactor, which can exist in both 'open' and 'closed' conformations.
MD simulations provide insight into the dynamic behaviour of the free cofactor and into
pathways for conformational transitions.
Chapter 7 describes the first steps into the world of single-molecule detection
through natural flavin fluorescence. Fluorescence Correlation Spectroscopy studies on
FAD, FMN and lipoamide dehydrogenase provide a first glance into the future
perspectives of detecting single flavoproteins and give an understanding of the specific
obstacles that need to be overcome.
The thesis is concluded by a summarizing discussion reflecting on the research
described in this thesis in relation to developments in the field.

2 Flavin fluorescence dynamics and photoinducedelectron transfer in Escherichia coli glutathionereductase
This Chapter has been published in:
 van den Berg, P.A.W., A. van Hoek, C.D. Walentas, R.N. Perham, and A.J.W.G. Visser. 1998.
 Biophys. J. 74, 2046-2058.
Time-resolved polarized flavin fluorescence was used to study the active-site
dynamics of E. coli glutathione reductase (GR). Special consideration was given to the
role of Tyr177 which blocks the access to the NADPH-binding site in the crystal
structure of the enzyme. By comparing wild-type GR with the mutant enzymes Y177F
and Y177G, a fluorescence lifetime of 7 ps that accounts for ~90% of the fluorescence
decay, could be attributed to quenching by Tyr177. Based on the temperature invariance
for this lifetime, and the very high quenching rate, electron transfer from Tyr177 to the
light-excited isoalloxazine part of flavin adenine dinucleotide (FAD) is proposed as the
mechanism of flavin fluorescence quenching. The temperature and viscosity
dependencies of the fluorescence lifetime distributions show that the mutants Y177F and
Y177G have a more flexible protein structure than wild-type GR: in the range of 223 K to
277 K in 80% glycerol, both tyrosine mutants mimic the closely related enzyme
lipoamide dehydrogenase. The fluorescence intensity decays of the GR enzymes can only
be explained by the existence of multiple quenching sites in the protein. Although
structural fluctuations are likely to contribute to the nonexponential decay and the
probability of quenching by a specific site, the concept of conformational substates need
not be invoked to explain the heterogeneous fluorescence dynamics.
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2.1 Introduction
Increasingly, protein flexibility and conformational dynamics are considered to
play a role in the catalytic mechanism of enzymes (Careri et al., 1979; Welch et al., 1982;
Karplus & McCammon, 1983; Frauenfelder et al., 1988). Yet visualizing protein motions
by experimental methods is still a little-explored field. In enzymes containing an intrinsic
fluorescent group like Trp, protein dynamics of the fluorophore environment can be
monitored by time-resolved fluorescence and fluorescence anisotropy detection (Millar,
1996). Flavoproteins, which have either flavin adenine dinucleotide (FAD) or flavin
mononucleotide (FMN) as a redox-active prosthetic group, offer the unique possibility of
probing the dynamic behaviour of the active site via this specific cofactor. The
fluorescence characteristics of the isoalloxazine ring of the cofactor vary highly among
different flavoproteins, thus reflecting structural and dynamic differences near the active
site. In this study, polarized time-resolved flavin fluorescence is used to monitor the
active-site dynamics of Escherichia coli glutathione reductase.
Glutathione reductase (GR, EC 1.6.4.2) belongs to the pyridine nucleotide
disulfide-oxidoreductase family, which includes, among others, lipoamide dehydrogenase
and thioredoxin reductase. The enzyme catalyzes the NADPH-dependent reduction of
oxidized glutathione (Williams, 1976). The primary function of glutathione reductase is
to maintain a high GSH/GSSG ratio in cells, which is crucial for a variety of cellular
functions, including the biosynthesis of DNA (Holmgren, 1985). Glutathione reductase is
a homodimeric enzyme with a molecular mass of ~50 kDa per subunit. The enzyme
contains one molecule of FAD per subunit. This flavin cofactor is noncovalently bound,
and is trapped in a tight binding site between the two subunits. The kinetic mechanism of
glutathione reductase from various sources has been studied extensively. The native
enzyme acts according to a ping-pong mechanism, but branched ping-pong and ordered
sequential mechanisms have been suggested for specific mutants and for high
concentrations of GSSG (Williams, 1992). Extensive site-directed mutagenesis
experiments with  E. coli GR have resulted in mutants that yield information on the
mechanism, and substrate and coenzyme specificity (Berry et al., 1989; Deonarain et al.,
1989, 1990; Scrutton et al., 1990; Bashir et al., 1995).
Detailed structural information on glutathione reductase from both human
erythrocytes and E. coli is available from high resolution crystal structures (Thieme et al.,
1981; Karplus & Schulz, 1987, 1989; Ermler & Schulz, 1991; Mittl & Schulz, 1994).
Although the enzymes have only 52% sequence identity, and the 16 N-terminal residues
of erythrocyte glutathione reductase are missing in the E. coli enzyme (Greer & Perham,
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1986), the tertiary structures reveal little significant difference. From a mechanistic point
of view, one of the most compelling structural characteristics is the position of the
tyrosine adjacent to the flavin (Tyr177 in E. coli GR and Tyr197 in erythrocyte GR).
From both crystal structures it is clear that this tyrosine residue blocks the active site,
thereby preventing the binding of NADPH ('in' position). The catalytic mechanism,
which was based on three-dimensional structures of free and substrate-bound forms of the
human enzyme, therefore includes a movement of this tyrosine away from the flavin ('out'
position) (Pai & Schulz, 1983).
To explore the role of this flavin-shielding tyrosine, Berry et al. (1989) used site-
directed mutagenesis to change Tyr177 of the E. coli enzyme. Kinetic analysis of these
mutants showed that a Y177F mutation hardly affected the enzymatic activity. The
activity of the Y177G mutant, however, was significantly diminished. For both mutants
an increase in fluorescence intensity of ~25-fold with respect to that of the wild-type
enzyme was observed. A previous time-resolved fluorescence study of wild-type
glutathione reductase from human erythrocytes showed considerable quenching of the
flavin fluorescence, presumably caused by interaction with Tyr197 (Bastiaens et al.,
1992b).
In that same study, the heterogeneous fluorescence decay of the flavin in
erythrocyte glutathione reductase was explained by the existence of distinct
conformational substates of the enzyme (Bastiaens et al., 1992b). The model of
conformational substates is based on the idea that a protein in a certain state has a wide
variety of nearly isoenergetic conformational substates, which perform the same function
but at different rates (Frauenfelder & Gratton, 1986; Frauenfelder et al., 1988, 1991).
Between the different substates energy barriers prevail, the height of which is assumed to
be correlated with the extent of protein motion that is involved with interconversion. If
different conformational substates result in inhomogeneity of the chromophore
environment, excitation will lead to different excited-state processes and consequently to
nonexponential fluorescence decay (Beechem & Brand, 1985). Such a heterogeneous
fluorescence decay can be described by a multiexponential model or a quasi-continuous
distribution of lifetimes (Alcala et al., 1987; Siemiarczuk et al., 1990; Ferreira et al.,
1994; Bismuto et al., 1996). When conformational transitions take place during the
lifetime of the excited state, the fluorophore will sample a variety of environments which
also results in a distribution of fluorescence lifetimes (Alcala et al., 1987).
In explaining fluorescence decay in terms of conformational substates, however, it
is assumed that in each substate the interactions between the chromophore and its direct
environment will result in a single fluorescence lifetime. This model has been challenged
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by Bajzer and Prendergast (1993), who have proposed that the heterogeneity in
fluorescence decay can arise from a multiplicity of competing interactions that involve
transfer of energy in a broad sense from the light-excited chromophore to different sites
in the molecule (multiple quenching sites). They showed that the nonexponential
fluorescence decay of several tryptophan-containing proteins can be explained by energy
transfer to different acceptor sites in the protein, which all contribute with a certain
probability to de-excitation of the donor. In contrast to the conformationally determined
models of quenching, which all assume energy transfer via collisional quenching, the
model of multiple quenching sites is not dependent on collisions, but includes other de-
excitation processes such as fluorescence resonance energy transfer and electron transfer.
A multiexponential model for the fluorescence decay can then be justified without
invoking multiple protein conformations. 
This study focuses on the active-site dynamics of E. coli glutathione reductase,
and the role of Tyr177 that shields the flavin part of the FAD. For this, comparison of
wild-type E. coli GR with site-directed mutants of Tyr177 (Y177F and Y177G) is
indispensable. Variations in temperature and concentration of the cosolvent glycerol are
used as complementary approaches to influence protein dynamics. Absorption spectra
serve to visualize possible changes in the direct microenvironment of the flavin. The
fluorescence lifetime distributions are discussed in terms of the proposed models that
account for multiexponential fluorescence decay kinetics. Results from time-resolved
fluorescence depolarization studies on the E. coli glutathione reductase enzymes are
discussed in Chapter 3.
2.2 Materials and Methods
Purification and preparation of wild-type and mutant glutathione reductase
Wild-type and mutant glutathione reductases were purified from the gor-deleted
E. coli strains NS3 and SG5, respectively, which were transformed with the appropriate
expression plasmid (Scrutton et al., 1987). The purification was based on the method
described by Berry et al. (1989) with a modification similar to that described by Bashir et
al. (1995). Instead of the DE-52 column, Highload Q (Pharmacia) was used for ion-
exchange, but the elution conditions were unaltered. Except for the preparation of the cell
extract, no additional FAD or EDTA was used. GR activity was measured as described
by Scrutton et al. (1987). During the purification, fractions were also tested for lipoamide
dehydrogenase activity (Benen et al., 1991) to ensure that no trace of this more
fluorescent iso-molecular weight protein contaminated the samples. The enzyme
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preparations were pure as judged by SDS-polyacrylamide gel electrophoresis and
fluorescence detection of the proteins on a nondenaturing gel. Pure enzyme was stored in
80% ammonium sulphate at 277 K. Before use, possible traces of free FAD were
removed by chromatography on a Biogel PGD-6 column (Biorad) equilibrated with
phosphate buffer. In all spectroscopic measurements the enzyme concentration was 10
µM with respect to FAD. The final potassium phosphate concentration was kept at 50
mM, and the pH at 7.6 (293 K). Buffers were made from nanopure-grade water
(Millipore) and were filtered through a 0.22 µm filter (Millipore). All chemicals used
were of the highest purity available. Samples containing glycerol were prepared by gently
mixing the eluted protein with fluorescent-grade glycerol (Merck). Before and after a
series of fluorescence experiments, flavin absorption spectra (Aminco DW2000
spectrophotometer, SLM Instruments, Urbana, IL, USA) were measured at 298 K to
check the quality of the samples.
Time-resolved fluorescence and fluorescence anisotropy measurements
Time-resolved polarized fluorescence experiments were carried out using the
time-correlated single-photon counting technique (TCSPC) (O’Connor & Phillips, 1984).
The TCSPC setup used was basically as described in detail elsewhere (Bastiaens et al.,
1992b), with a few modifications. A mode-locked CW Nd:YLF laser (model Antares 76-
YLF, Coherent, Santa Clara, CA, USA) was used for the synchronously pumping of a
cavity-dumped (Coherent Radiation model CR590) dye laser with Stilbene 420 (Exciton
Inc., Dayton, OH, USA) as a dye (van Hoek & Visser, 1992). The samples were excited
with vertically polarized light of 450 nm, with an excitation frequency of 594 kHz, and a
duration of 4 ps FWHM. Parallel and perpendicularly polarized fluorescence was
detected using a 557.9 nm interference filter (Schott, Mainz, Germany, half-bandwidth of
11.8 nm) in combination with a KV 520 cut-off filter. Time-resolved fluorescence
experiments with sucrose were carried out at a later date, using Coumarin 460 (Exciton
Inc.) as a dye, and an excitation wavelength of 460 nm. To avoid possible distortions
caused by Raman scattering of water, fluorescence here was detected using a 526.0 nm
interference filter (Schott, half-bandwidth of 12.6 nm) in combination with a KV 520 cut-
off filter. A turbid glycogen solution (OD 0.1 at 450 nm) was used to verify that the data
were free of scattered excitation light. Fluorescence was sampled in cycles of 10 s in each
polarization direction. By adjusting the excitation energy, the detection frequency of the
parallel polarized component was set to 30 kHz to prevent pile-up distortion. Detection
electronics were standard time-correlated single-photon counting modules. The presented
data were collected in a multichannel analyzer (MCA board from Nuclear Data model
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AccuspecB, Schaumburg, IL, USA) with a time window of 1024 channels at 15.1 or 16.7
ps/channel respectively. For better time resolution near the detection limit, data of wild-
type GR were also collected at 5.0 ps/channel. Instrumental sources for distortion of data
were minimized to below the noise level of normal photon statistics (van Hoek & Visser,
1985).
The dynamic instrumental response function of the setup is ~50 ps FWHM. The
instrumental response was obtained at the emission wavelength by measuring a reference
compound with known single fluorescence lifetime (Vos et al., 1987). As a reference
compound in the range between 277 K and 313 K, erythrosine B in water (τ = 80 ps at
293 K) was used. In the range between 293 K and 223 K, erythrosine B was dissolved in
methanol yielding a fluorescence lifetime of approximately ~500 ps (Bastiaens et al.,
1992b). To correct for the small temperature-dependence of the reference lifetime, the
exact value at a certain temperature was determined by iterative reconvolution with the
reference compound at a temperature at which the lifetime was known. In each
experiment, the parallel and perpendicular fluorescence decay components of the
reference compound (3 cycles), the sample (10 or 15 cycles), the background (one-fifth of
the sample acquisition time) and again the reference compound were determined. The
temperature of the samples was controlled using a liquid nitrogen flow setup with a
temperature controller (model ITC4, Oxford Instruments Inc., Oxford, United Kingdom).
At temperatures below 273 K, the sample housing was flushed with argon to prevent dew
and ice formation (Bastiaens et al., 1992a).
Data analysis
Analysis of the fluorescence intensity decay I(t) was performed using the
commercially available maximum entropy method (Maximum Entropy Data Consultants
Ltd, Cambridge, United Kingdom). With this method, the fluorescence intensity and
anisotropy decays can be described in terms of a continuous distribution of decay times,
for which no a priori knowledge of the system is required. A detailed description of the
principles of MEM and analysis of the polarized fluorescence data can be found
elsewhere (Livesey & Brochon, 1987; Bastiaens et al., 1992b; Brochon, 1994), and will
be shortly outlined below. In the experiments, the parallel and perpendicular )(tI⊥
fluorescence intensity components were acquired separately after excitation with a
vertically polarized light pulse. The lifetime spectrum α(τ) was obtained from the total
fluorescence I(t) via the inverse Laplace transform:
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where E(t) is the instrumental response function, and the factor g describes the sensitivity
of the detection system for the perpendicular component relatively to the parallel one. In
our TCSPC setup, this g-factor equals 1 (van Hoek et al., 1987). In the analysis, the
starting model for the distribution of lifetimes, was chosen to be flat in log(τ) space as no
a priori knowledge was introduced. The lifetime spectrum α(τ) that was recovered
consisted of 150 decay times equally spaced in log(τ) space between 1 ps and 10 ns. As
no density filters were needed, the optical path of reference and samples were identical.
No indications of the existence of significant amounts of scattered light were found. The
average fluorescence lifetime <τ> was calculated from the lifetime spectrum α(τ)
according to:
〈τ 〉 =
αiτ i
i=1
N∑
α i
i=1
N
∑
(2)
where N is the number of τi values of the α(τ) spectrum. The barycentre of a peak was
determined in a similar fashion with the summation carried out over a limited range of τi
values encompassing a local peak (Mérola et al., 1989).
2.3 Results
Flavin fluorescence intensity decay
Both wild-type glutathione reductase (GR) and the mutants GR Y177F and Y177G
showed a very rapid fluorescence decay with respect to a nonquenched flavin compound
such as FMN in aqueous solution (Fig. 2.1). The fluorescence of wild-type GR was
obviously the most quenched, which is reflected in an average lifetime of only 27 ps for
wild-type enzyme, approximately five to six times shorter than that of the tyrosine
mutants (Table 2.1). Analysis of the fluorescence decays of the enzymes resulted in
heterogeneous lifetime distributions containing five distinct components varying in the
range between 7 ps and 3 ns (Fig. 2.2). Further analysis of the decay by least-squares
fitting of the data using global analysis with a sum of exponentials revealed that all five
components were needed for a satisfactory approximation of the fluorescence decay. The
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positions of the four longer lifetimes were almost invariant for the different enzymes, but
the relative contributions differed highly (Table 2.2). In wild-type GR, the ultrafast
component of 7 ps was predominant (~90 %). The uncertainty in the position of this
lifetime was only 1 ps. In the case of the mutants, a longer component of ~90 ps was
responsible for ~40% to 50% of the fluorescence intensity decay. In these lifetime
distributions the 7 ps component disappeared. Tyr177 could thus be identified as the
residue responsible for the extremely efficient fluorescence quenching of the flavin in
wild-type E. coli glutathione reductase.
Table 2.1: Average fluorescence lifetimes <τ> of wild-type GR and mutants Y177F
and Y177G  in 50 mM potassium phosphate buffer pH 7.6 at 293 K with 0% or 80%
(v/v) glycerol.
       GR <τ> 0%  (ns)             <τ> 80% (ns)
wild-type 0.027   ± 0.003 0.38  ± 0.03
Y177F 0.18     ± 0.004 1.8    ± 0.08
Y177G 0.12     ± 0.017 1.3    ± 0.3
Figure 2.1: Experimental total fluorescence decay of wild-type GR and mutants
Y177F and Y177G in 50 mM potassium phosphate buffer pH 7.6, and FMN in 50
mM potassium phosphate buffer pH 7.0, at 293 K. Only the initial part of the 16 ns
experimental time window is shown.
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Varying the temperature between 223 K (in 80 v/v% glycerol) and 313 K did not
affect the position of the 7 ps component in wild-type GR. Collisional quenching can
therefore be excluded. Based on this temperature invariance and the ultrafast lifetime, we
propose electron transfer as the mechanism of fluorescence quenching. In the excited
state the flavin may abstract an electron from Tyr177; return to the ground state may then
occur via a radiationless process. The edge-to-edge distance between FAD and the
electron-rich Tyr177, as found in the crystal structure of E. coli GR, is 3.1 Å, thus
allowing fast electron transfer (Moser et al., 1992).
Figure 2.2: Fluorescence lifetime distribution of wild-type GR (A) and mutants
Y177F (B) and Y177G (C) in 50 mM potassium phosphate buffer pH 7.6, 293 K.
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Table 2.2: Barycentres and fractional contributions of the fluorescence lifetime
components of wild-type GR and mutants Y177F and Y177G in 50 mM potassium
phosphate buffer pH 7.6 at 293 K.
GR wild-type GR Y177F GRY177G
τi (ns) αi τi (ns) αi τi (ns) αi
0.007 ± 0.001 0.90 ± 0.01 0.020 ± 0.005 0.34 ± 0.01 0.023 ± 0.01 0.44 ± 0.1
0.090 ± 0.008 0.076 ± 0.005 0.087 ± 0.01 0.41 ± 0.05 0.10 ± 0.004 0.42 ± 0.09
0.29 ± 0.04 0.020 ± 0.005 0.24 ± 0.03 0.19 ± 0.03 0.26 ± 0.006 0.10 ± 0.02
1.0 ± 0.2 0.003 ± 0.001 0.8 ± 0.04 0.03 ± 0.004 0.79 ± 0.007 0.02 ± 0.005
2.6 ± 0.3 0.002 ± 0.0005 2.5 ± 0.1 0.02 ± 0.001 2.2 ± 0.05 0.02 ± 0.003
Supporting evidence for a strong interaction between FAD and Tyr177 was found
in the absorption spectra of the enzymes (Fig. 2.3A). In the absorption spectrum of wild-
type GR, a pronounced shoulder was present at the red-edge side of the first absorption
band of FAD, near 490 nm. This shoulder reflects the 0,0 absorption transition (S0,0
→ S1,0). Although the mutation from tyrosine to phenylalanine does not change the
aromatic character of residue 177, and even increases its hydrophobicity, this shoulder
was substantially decreased in the spectrum of Y177F. Mutation into a glycine residue
also gave rise to a diminished shoulder at 490 nm, and, in addition, to a blueshift of the
absorption maximum from 462 nm to 458 nm.
More evidence for this interaction was found upon addition of the cosolvent
glycerol. Contrary to the absorption spectrum of the tyrosine mutants, the shape of the
absorption spectrum of wild-type GR showed a clear dependence on the glycerol
concentration. An increase in the glycerol concentration up to 40% did not bring about
any difference. However, at higher concentrations (≥60%), the shape of the absorption
spectrum was altered (Fig. 2.3B): in 80% glycerol the spectrum of wild-type GR showed
a diminished shoulder at 490 nm, now more resembling that of GR Y177F in aqueous
solution. These results are in accord with time-resolved fluorescence measurements of
wild-type GR in 80% glycerol. The lifetime pattern of the wild-type enzyme again
contained the ultrashort component, but its contribution was substantially reduced (Fig.
2.4).
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The average lifetime increased by a factor of more than ten (Table 2.1). Using
high concentrations of sucrose (50%-60% w/w) to increase the solvent viscosity to the
same order of magnitude as 80% glycerol did not affect the absorption spectrum nor the
fluorescence lifetime distribution of wild-type glutathione reductase. A minor shift in the
lifetime contributions -favouring the 90 ps component over the 7 ps component- was
observed, which may reflect the influence of the increase in internal friction of the
enzyme (<τ> = 0.06 ns). The interaction between FAD and Tyr177 thus seemed to be
specifically perturbed in high concentrations of glycerol, leading to the presence of
unfavourable conformations for efficient electron transfer to the light-excited flavin.
Figure 2.3: Absorption spectra of wild-type GR and mutants Y177F and Y177G in
50 mM potassium phosphate buffer pH 7.6, with 0% (A) and 80% (B) glycerol (v/v)
at 293 K.
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Protein dynamics in E. coli glutathione reductase
The fluorescence lifetime spectrum of FAD in wild-type GR was almost
independent of temperature in the range between 277 K and 313 K (Fig. 2.5A). Using
80% glycerol, the temperature of the samples could be varied over a wider temperature
range (223-293 K). In this range, more significant differences in the contributions of the
five lifetimes were found (Fig. 2.5B). The largest effect on the fluorescence decay
patterns was caused by the addition of high concentrations of glycerol itself (Fig. 2.4). Up
to a concentration of 40% glycerol the lifetime patterns remained identical. In 80%
glycerol, however, the amplitude of the ultrashort component drastically decreased (to
~55%), in favour of the contribution of the two longest lifetimes (Fig. 2.4). The lifetime
component at 0.3 ns was no longer resolved. Combined with the absorption spectra
described, the decrease in the 7 ps component was interpreted as a perturbation of the
interaction between the light-excited flavin and Tyr177.
Figure 2.4: Normalized fluorescence lifetime distribution of wild-type GR in 50 mM
potassium phosphate pH 7.6 at 293 K as a function of glycerol concentration. For
clarity, a vertical offset has been applied.
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From the temperature independence it can be concluded that wild-type E. coli
glutathione reductase has a very rigid structure in the immediate vicinity of the flavin. In
contrast with this is the dynamic behaviour of the tyrosine mutants GR Y177F and
Y177G. The lifetime spectra of these enzymes are much more dependent on both
temperature and glycerol concentration. In aqueous solution, a rise in temperature
favoured the fractional contribution of the shorter lifetimes, and the barycentres shifted to
somewhat shorter values. As the lifetime positions do not converge upon the rise in
temperature, which would be typical for interconversion between different substates, we
find the results more indicative of an increased flexibility of the protein matrix of these
mutants. A drastic change in the lifetime profiles was found in high concentrations of
glycerol. In 80% glycerol, only three discrete lifetimes could be distinguished for both
Figure 2.5: Temperature dependence of the fractional contributions of the lifetime
classes of wild-type GR in 50 mM potassium phosphate buffer pH 7.6 in the range
between 277 and 313 K (A), and with 80% (v/v) glycerol in the range between 223
and 293 K (B). For reasons of clarity, the data presented are rounded off to the most
significant digit.
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GR Y177F and Y177G. Increasing the temperature from 277 K to 313 K again favoured
the contribution of the shortest lifetime, and clearly shifted the barycentres (Fig. 2.6). In
these lifetime spectra, a small contribution (less than 5%) of a lifetime of ~4.5 ns
occurred. This lifetime points to the presence of nonquenched flavin, and is also found
for free FAD in 80% glycerol (see Chapter 6). The largest effect on both barycentres and
fractional contributions was found in the temperature range from 293 K down to 223 K
where only two lifetimes were present (Fig. 2.7).
A striking resemblance exists between the lifetime patterns of the tyrosine mutants
in 80% glycerol and those reported for the enzyme lipoamide dehydrogenase (Bastiaens
et al., 1992a,b), the spatial structure of which near the active site greatly resembles that of   
1         1
Figure 2.6: Temperature dependence of the fluorescence lifetime distribution of the
mutant GR Y177G in 80 % (v/v) glycerol, 50 mM potassium phosphate buffer pH
7.6. For clarity, a vertical offset has been applied.
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GR (Mattevi et al., 1991). For lipoamide dehydrogenase, a lifetime spectrum with three
components at ~0.17 ns, 1.3 ns and 2.5 ns was found in aqueous solution at pH 7, 293 K.
In 80% glycerol the lifetime spectrum contained only two components, which show a
similar temperature dependence to that found for the E. coli GR mutants at low
temperatures. The lifetime values found for the tyrosine mutants of E. coli GR in 80%
glycerol are shorter than those reported for wild-type Azotobacter vinelandii lipoamide
dehydrogenase, but do resemble those of the more solvent-accessible deletion mutant of
lipoamide dehydrogenase, which lacks fourteen C-terminal amino acids (Bastiaens et al.,
Figure 2.7: Temperature dependence of the fluorescence lifetime distributions of the
mutants GR Y177F (A) and Y177G (B) in 80% (v/v) glycerol, 50 mM potassium
phosphate buffer pH 7.6. For clarity, a vertical offset has been applied.
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1992a). These results show that the large differences in the fluorescence lifetime
behaviour of these homologous enzymes in aqueous solution, are cancelled out to a large
extent by varying the experimental conditions. In our opinion, this strongly favours the
idea of multiple quenching sites of which the contribution and rate of quenching strongly
depend on the exact microstructure of the enzyme.
2.4 Discussion
Comparison of wild-type E. coli glutathione reductase with the mutants Y177F
and Y177G by time-resolved polarized flavin fluorescence clearly identified Tyr177 as
the residue responsible for the ultrafast quenching of flavin fluorescence in this enzyme.
In various flavoproteins that contain a tyrosine residue adjacent to the flavin, the
extremely low flavin fluorescence intensity of these enzymes has been attributed to
(static) quenching by this tyrosine (Maeda-Yorita et al., 1991; Karplus et al., 1991;
Williams, 1992). The 7 ps fluorescence lifetime component observed in this study
expresses the (pseudo)dynamic nature of quenching, thereby contradicting the concept of
a 'dark' complex that is formed in the ground state and remains dark in the excited state.
In a similar study on human glutathione reductase, Bastiaens et al. (1992b) proposed that
the observed ultrafast quenching resulted from exciplex formation between the flavin and
Tyr197. By comparing wild-type E. coli GR with mutants in which Tyr177 is replaced by
either Phe or Gly, we have proved that an excited state reaction takes place. The
ultrashort fluorescence lifetime and the invariance of this component with respect to
temperature and viscosity indicate that the mechanism of quenching is not collisional
quenching, but electron transfer from tyrosine to the light-excited flavin. Such
photoinduced electron transfer could generate an extremely efficient pathway to return to
the singlet ground state in a nonradiative way.
Excited-state electron transfer is known to be relevant for a variety of chemical
and biological processes and has been studied extensively (for a selection, see Rehm &
Weller, 1970; Marcus & Sutin, 1985; Barbara et al., 1996). An appropriate expression for
the free energy of photoinduced electron transfer between a donor molecule (D) and
acceptor molecule (A) in solution is given by the Rehm-Weller equation:
R4
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where )/(ox1/2
•+DDE  and )/(
red
1/2 AAE
•−  refer to the half-wave oxidation potential of the
electron donor and the half-wave reduction potential of the electron acceptor,
respectively. ∆E0,0  is the electronic excitation energy corresponding to the energy
distance between vibronic ground and first excited states (S0,0 → S1,0); ε is the dielectric
constant; ε0
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the permittivity of vacuum; and R is the distance between donor and
acceptor. For intramolecular photoinduced electron transfer in proteins the same equation
holds, although the precise contribution of the Coulomb energy term is difficult to
calculate owing to uncertainties in donor-acceptor contact area and the local dielectric
constant. However, the Coulomb energy term will only contribute in favour of the
thermodynamic probability of the electron transfer process. For free FMN the one-
electron reduction potential EFlox/EFlH· is -238 mV at pH 7, while that of the second
half-reaction is somewhat less negative (-172 mV vs SHE at pH 7) (Draper & Ingraham,
1968). Although the precise redox properties of the flavin are controlled by the protein
environment, the midpoint redox potentials reported for free flavin and proteins of the
oxidoreductase family are of the same order of magnitude (Williams, 1992): e.g., for E.
coli lipoamide dehydrogenase the two-electron reduction potential is -264 mV at pH 7
(Wilkinson & Williams, 1979). For glutathione reductase a midpoint potential of -235
mV at pH 7, 293 K has been reported (Williams, 1992). The slope of a plot of this
potential as a function of pH changes from -52 to -39 mV/pH unit at pH 7.4, thereby
indicating the presence of other dissociable groups, whose pKa values are linked to the
redox state of the enzyme (O'Donnell & Williams, 1983). A stable oxidized tyrosine
radical is known to be involved in electron transfer processes in ribonucleotide reductase
and the photosynthetic water-splitting system (Reichard & Ehrenberg, 1983; Barry &
Babcock, 1987; Prince, 1988). The oxidation potential for the Tyr/Tyr· couple at pH 7 in
aqueous solution determined by pulse radiolysis and cyclic voltammetry is +930 mV
(Harriman, 1987). For photosystem II, an Em7 +760 mV has been reported for the tyrosine
D/D· couple, while that for the tyrosine Z/Z· has been estimated at Em7 +1000 mV
(Boussac & Etienne, 1984). The oxidation potential of a tyrosine radical inside a protein
thus seems in line with the value found in aqueous solution. The redox potential of the
Tyr/Tyr· couple in aqueous solution becomes less positive at increasing pH, thereby
facilitating electron transfer (Harriman, 1987). Based on the redox potentials mentioned
above and R = 3.1 Å (edge to edge distance between Tyr177 and N10 of the flavin), the
excitation energy of 2.53 eV (490 nm) is more than sufficient to induce electron transfer
from Tyr177 to the isoalloxazine ring. The rate of electron transfer ket is determined by
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the free energy as well as the reorganisation energy λ and the distance R (for relevant
equations see Marcus, 1956; Marcus & Sutin, 1985; Moser et al., 1992).
Comparison of the rates of electron transfer in a variety of biological and
(semi)synthetical systems reveals typical rate constants of 1 ps-1 to 0.1 ps-1 for donor-
acceptor distances of 5 Å, whereas distances of 10 Å generally result in rates between 10
ns-1 and 1 ns-1 (Moser et al., 1992). The ultrafast fluorescence quenching in E. coli
glutathione reductase corresponds to a rate constant of ~0.14 ps-1 and agrees thus well
with the expected rate of electron transfer in this system. Based on the known redox
potentials and the excitation energy of the flavin, electron transfer is likely to be the
common mechanism for fluorescence quenching in flavoproteins that contain a tyrosine
residue juxtaposed to the flavin.
A similar mechanism of flavin fluorescence quenching has been reported for
tryptophan in Desulfovibrio vulgaris flavodoxin (Visser et al., 1987). For the Trp/Trp·
couple at pH 7 in aqueous solution, the oxidation potential is 1.015 V (Harriman, 1987).
Picosecond absorption spectroscopy carried out with this enzyme revealed the existence
of a transient exciplex absorption band of ~30 ps lifetime, which could be attributed to
electron transfer from tryptophan to the excited flavin (Karen et al., 1987). A study on
pea ferredoxin-NADP+ reductase was also reported recently, in which replacement of the
tyrosine adjacent to the flavin by tryptophan as well as by phenylalanine resulted in a
minor increase in the flavin fluorescence quantum yield, whereas nonaromatic
substitutions resulted in a large increase in fluorescence (Calcaterra et al., 1995).
However, in our study electron transfer did not occur in the phenylalanine mutant of E.
coli GR, and the average fluorescence lifetime was almost the same as for the glycine
mutant. A plausible explanation for this is a different orientation of the Phe side chain
that is unfavourable for electron transfer to the light-excited isoalloxazine. In the crystal
structure of E. coli GR, the closest contacts between the flavin and Tyr177 occur via the
N10 and C9a of the flavin and the hydroxyl moiety of the tyrosine (3.1 and 3.2 Å
respectively, Table 2.3). The hydroxyl moiety is close to the N5 and C4a  of the
isoalloxazine ring, which can act as electrophilic sites. In those enzymes in solution, in
which Tyr177 occupies the 'in' position, the exact site of the phenolic side chain with
respect to the isoalloxazine ring may differ from that found in the crystal structures, and
small positional fluctuations are likely to occur. Upon movement of the phenolic side
chain towards the 'out' position, the distance will only increase and the hydroxyl moiety
in particular will be turned away from the flavin.
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Table 2.3: Distances between the hydroxyl oxygen atom of Y177 and the
isoalloxazine ring of FAD in wild-type E. coli GR(1)
Atom Å Atom Å Atom Å
N1 4.1 C4a 3.7 C8 4.5
C2 5.0 N5 3.7 C8M 5.7
O2 5.9 C5a 3.5 C9 3.7
N3 5.3 C6 4.3 C9a 3.2
C4 4.8 C7 4.7 C10a 3.4
O4 5.7 C7M 5.9 N10 3.1
(1): Distances were retrieved from the crystal structure of E. coli GR at 1.86 Å resolution
deposited by Mittl and Schulz (1994).
An alternative explanation for the absence of the ultrafast component in the
lifetime pattern of GR Y177F is that a phenolic side chain itself is a more effective
electron donor. A recent study on ribonucleotide reductase, in which long-range electron
transfer occurs via a pathway that contains two tyrosine residues, showed that
preservation of the aromatic character alone was not enough for electron transfer (Ekberg
et al., 1996). The latter study indicated that the efficiency of electron transfer via a
hydrogen bond approaches that of a covalent bond. However, based on the distances in
the crystal structure and the direction of motion of the phenolic side chain upon cofactor
binding, the formation of a hydrogen bond between the tyrosine and the flavin in
glutathione reductase seems unlikely.
The fact that the interaction between the flavin and Tyr177 is perturbed in high
concentrations of glycerol supports the concept that the exact position of the aromatic
side chain is critical for electron transfer. Besides its function as a viscogen, glycerol is
also known to influence protein structure. The cosolvent glycerol is preferentially
excluded from the protein-solvent interface (Timasheff et al., 1976; Timasheff, 1993),
and it can therefore induce a decrease in the volume and compressibility of the protein
interior (Priev et al., 1996). Consequently, protein fluctuations can be dampened as a
result of both increased friction between the peptide chain and the solvent molecules, and
the increased friction between the amino acid residues in the protein interior itself. Gekko
and Timasheff (1981a,b) have suggested that a balance between repulsion of glycerol
from hydrophobic surfaces of the protein and interaction with the polar regions, is in fact
the origin of the well known stabilising effect of glycerol (Jarabak et al., 1966; Bradbury
& Jakoby, 1972; Ogle, 1983). Moreover, glycerol can also induce structural changes in a
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protein (Pourplanche et al., 1994; Raibekas & Massey, 1996). Raibekas and Massey
(1996) suggested that these structural changes may originate from the same repulsion
mechanism, assuming the protein has solvent-exposed nonpolar residues together with
flexible regions, as is often the case in the active site. In E. coli GR, the NADPH-binding
pocket is accessible to the solvent. Although the crystal structure contains many water
molecules (Mittl & Schulz, 1994), none of them are positioned directly between Tyr177
and the isoalloxazine ring. A large part of this binding pocket is, in principle, accessible
for glycerol as well. Perturbation of the interaction between the isoalloxazine ring and
Tyr177 as indicated by the time-resolved fluorescence and absorbance data may originate
from direct interaction of this residue with glycerol molecules, but more likely is an
indirect effect of glycerol on the hydration layer and, consequently, the protein structure.
The fact that the flavin-tyrosine interaction remained nearly intact when sucrose was used
as a cosolvent can be the result of the different interaction between sucrose molecules and
the solvated protein, but a decreased accessibility of the active site, resulting from the
bigger size of the cosolvent, may also play a role (Yedgar et al., 1995).
Supporting evidence for a close interaction between flavin and Tyr177 in E. coli
GR in solution, which is absent in GR Y177F, was found in the absorption spectra. Both
fluorescence and absorption data of wild-type E. coli GR and mutants Y177F and Y177G
are in perfect agreement with studies on E. coli lipoamide dehydrogenase. Maeda-Yorita
et al. (1991) reported that mutation of Ile184, which is at the position equivalent to that of
Tyr177, into a tyrosine resulted in nearly complete quenching of the FAD fluorescence. A
redshift of the absorption maximum of 455 nm to 462 nm, mimicking the situation in
glutathione reductase, was also found. Although the authors mentioned that the spectral
shape of the spectrum did not change upon introduction of the I184Y mutation, the
published spectra do reveal a more pronounced shoulder at the red edge of the spectrum,
similar to that described here for wild-type E. coli glutathione reductase. It thus seems
possible to relate specific interactions between the flavin and its microenvironment, of a
nature other than the occurrence of a charge-transfer interaction with the redox-active
thiolate, to particular properties of the flavin absorption spectrum.
Although the juxtapositioning of a tyrosine residue and the isoalloxazine ring is a
commonly observed phenomenon in flavoproteins, the biological function of this
architecture is still not clear. Crystal structures of glutathione reductase as well as
ferredoxin-NADP+ reductase and Crithidia fasciculata trypanothione reductase which
were complexed with their nicotinamide cofactor revealed a sandwich stacking of this
cofactor between the isoalloxazine ring and the tyrosyl moiety, thereby stabilising
binding (Pai et al., 1988; Karplus & Schulz, 1989; Bailey et al., 1994; Serre et al., 1996).
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A similar mode of cofactor binding with a phenylalanine instead of a tyrosine was
reported for NAD(P)H:quinone oxidoreductase (Li et al., 1995) and Trypanosoma cruzi
trypanothione reductase (Zhang et al., 1996). Kinetic studies on E. coli GR mutants
Y177F, Y177S and Y177G, however, showed that neither the hydroxyl group nor the
aromaticity of Tyr177 is strictly necessary for binding of the nicotinamide cofactor
(Berry et al., 1989). Earlier, Rice et al. (1984) proposed a lid function for the tyrosine in
glutathione reductase, to protect the reduced flavin against oxidation. Berry et al. (1989)
showed that reoxidation of the flavin in the GR Y177 mutants is still rather slow. They
proposed that the position of the active site in a cleft buried in the enzyme itself, provides
sufficient protection against unwanted oxidation. In the present study, the fluorescence
lifetime patterns of the enzymes as a function of both temperature and viscosity strongly
suggest that the tyrosine mutants are more sensitive to fluctuations and changes in the
protein structure. Although a crystal structure of a GR Y177 mutant is not available yet,
we expect that the mutation of tyrosine into phenylalanine or glycine has no significant
effect on the active-site structure of the free enzyme. The fluorescence lifetime patterns
of GR Y177F and GR Y177G were almost identical, and under mild conditions the
positions of the four longest lifetimes matched very well with those found for wild-type
GR. If the mutation itself causes structural rearrangements within the active site, we
would expect this to be reflected in changes in the flavin fluorescence lifetime patterns.
Evidence for an increased flexibility of the protein structure of the mutant enzymes, in
addition to the studies presented in this Chapter, was also found in the fluorescence
lifetime patterns of the enzymes complexed to substrate analogues (Chapter 3). Under
extreme conditions, such as 80% glycerol, a very small fraction of FAD was liberated
from the free mutant enzymes. Upon long-term storage of these enzymes, a similar
tendency was found. These results all point to a diminished stability of the mutant
enzymes with respect to wild-type GR. Thermal and urea-induced denaturation studies on
pea ferredoxin-NADP+ reductase and mutants in which Y308 was replaced, indicated that
the presence of an electron-rich aromatic side chain adjacent to the isoalloxazine ring is
essential for stabilization of the holoenzyme (Calcaterra et al., 1995). Optimal
stabilization, however, was found for the tyrosine containing wild-type enzyme. It is
possible that this contribution to the stability of the oxidized enzyme is a physiologically
relevant characteristic of flavoproteins which have a tyrosine adjacent to the isoalloxazine
ring.
The interpretation of the results in this study differs significantly from that
reported for human erythrocyte glutathione reductase (Bastiaens et al., 1992b). Studies
with human erythrocyte GR show that the differences in fluorescence lifetimes of the E.
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coli and human enzyme result merely from the improved time resolution of the current
time-resolved fluorescence setup (data not shown). However, comparison of wild-type E.
coli GR, with the site-directed mutants Y177F and Y177G in combination with
temperature and viscosity studies, reveal new insights into both the mechanism of
nonexponential fluorescence decay and the active-site dynamics of the glutathione
reductase enzyme. In wild-type erythrocyte glutathione reductase, the heterogeneous
fluorescence decay yielding five lifetime components has been explained by the existence
of (at least) five conformational substates of the enzyme, with different orientations of
tyrosine residue 197 (Bastiaens et al., 1992b). It was proposed that interconversion
between the assumed substates corresponded to gross structural changes in the protein.
From both this study on E. coli GR, and the one on erythrocyte GR, it can be concluded
that in the majority of the enzyme molecules in solution the tyrosine residue is in close
contact with the flavin, thereby probably blocking the active site, as evident in the crystal
structures. However, in this study with the GR mutants we found no evidence to sustain
the model of conformational substates.
The fact that the mutant enzymes GR Y177F and GR Y177G still exhibit a rapid
heterogeneous fluorescence decay, can only be explained by the existence of quenching
sites in the protein other than the juxtaposed tyrosine. The similarity of the longer
fluorescence lifetimes of the mutant enzymes with those found for wild-type GR, strongly
indicates that these quenching sites also contribute to a minor extent to the fluorescence
decay of the wild-type enzyme. The ultrafast lifetime component originates from the
interaction with Tyr177, but the identity of the other quenching components is still
unknown. Residues that may also contribute to flavin fluorescence quenching are
possibly Phe161 and Phe344, which are at an edge-to-edge distance of 4.3 Å and 4.8 Å
respectively of the isoalloxazine ring. However, the π-electron system of Phe alone may
be less suited for being an electron donor. Another residue that may be involved in flavin
fluorescence quenching is Cys47. This residue, which is part of the redox-active disulfide
bridge, is only at a distance of 3.5 Å of the C4a of the flavin, and forms a charge-transfer
interaction with the flavin upon reduction of the enzyme. Indications that Cys47 indeed
contributes to flavin fluorescence are found in the study of Deonarain et al. (1990) in
which a twelve-fold increase in flavin fluorescence was reported for glutathione reductase
C47S with respect to wild-type enzyme. Besides direct quenching of Cys47, the increase
in fluorescence intensity may also be caused by a conformational change in the enzyme,
resulting, for instance, in an unfavourable conformation of Tyr177 for electron transfer to
the light-excited flavin. Additional support for quenching by a redox-active cysteine is
found in a study on NADH peroxidase, in which mutation of Cys42 into an alanine or a
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serine residue resulted in a ~four-fold and ~ten-fold increase in fluorescence quantum
yield (Parsonage & Claiborne, 1995).
The model of multiple quenching sites is also in accord with the results of the
temperature and viscosity studies. The temperature invariance of the fluorescence
lifetimes of wild-type glutathione reductase reflects the rigidity of the peptide chain near
the active site. Perturbation of the interaction between Tyr177 and the flavin by glycerol
decreases the quenching efficiency by tyrosine, thereby increasing the probability of
fluorescence quenching caused by the other sites. The small changes in fluorescence
lifetime pattern observed for the tyrosine mutants reflect the influence of small structural
rearrangements. Induction of these rearrangements by glycerol at low temperatures seems
to eliminate the differences in fluorescence lifetime distributions of the structurally
closely related glutathione reductase and lipoamide dehydrogenase. Although this study
clearly reveals the existence of multiple quenching sites, the possibility of different
conformers is not ruled out. Small structural fluctuations such as the movement of
Tyr177 are likely to contribute to the heterogeneous character of the flavin fluorescence
decay. Conformational fluctuations on the (sub)nanosecond time scale as well as on
longer time scales will create a heterogeneous ensemble in which the rate and probability
of fluorescence quenching by a specific site is controlled by the precise microstructure
and dynamics of the light-excited enzyme molecule.
Acknowledgements
We wish to thank Prof. Dr. R.H. Schirmer, Dr. K. Becker (Heidelberg University, Germany), Dr.
P.R.E. Mittl (Novartis, Switzerland), Dr. A.A. Raibekas (University of Michigan, USA), Dr.
W.J.H. van Berkel and Prof. Dr. C. Laane for helpful discussions and suggestions.
This work was supported by the Netherlands Foundation for Chemical Research  (SON) with
financial aid from the Netherlands Organisation for Scientific Research NWO and the E.C.
Human Capital and Mobility Programme CHRX-CT93-0166: 'Flavoproteins, Structure and
Activity'.

3
Time-resolved flavin fluorescence depolarization
in Escherichia coli glutathione reductase:
evidence for a novel mechanism of fluorescence
depolarization
Parts of this Chapter have been published in:
van den Berg, P.A.W., A. van Hoek, C.D. Walentas, R.N. Perham, and A.J.W.G. Visser. 1998.
Biophys. J. 74, 2046-2058.
A modified version of this Chapter will be submitted as:
van den Berg, P.A.W., A. van Hoek, and A.J.W.G. Visser.
Time-resolved flavin fluorescence depolarization in E. coli glutathione reductase:
Evidence for a novel mechanism of fluorescence depolarization.
Time-resolved flavin fluorescence anisotropy studies on glutathione reductase
(GR) have revealed a remarkable new phenomenon: wild-type GR displays a rapid
process of fluorescence depolarization, that is absent in mutant enzymes lacking a nearby
tyrosine residue that blocks the NADPH-binding cleft. Fluorescence lifetime data,
however, have shown a more rigid active-site structure for wild-type GR than for the
tyrosine mutants (Chapter 2). These results suggest that the rapid depolarization in wild-
type GR originates from an interaction with the flavin-shielding tyrosine, and not from a
restricted reorientational motion of the flavin as was previously suggested (Bastiaens et
al., 1992b). A novel mechanism of fluorescence depolarization is proposed that involves
a transient charge-transfer complex between the tyrosine and the light-excited flavin, with
a concomitant change in the direction of the emission dipole moment of the flavin. This
interaction is likely to result from side-chain relaxation of the tyrosine in the minor
fraction of enzyme molecules in which this residue is in an unsuitable position for
immediate fluorescence quenching at the moment of excitation. Support for this
mechanism is provided by binding studies with NADP+ and 2'P-5'ADP-ribose that can
intercalate between the flavin and tyrosine and/or block the latter. Fluorescence
depolarization analyses as a function of temperature and viscosity confirm the dynamic
nature of the process. A comparison with fluorescence depolarization effects in the
related enzyme NADH peroxidase (Visser et al., 1998), indicates that this mechanism of
flavin fluorescence depolarization in which a charge-transfer interaction changes the
direction of the emission dipole moment may be more generally applicable.
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3.1 Introduction
Polarized time-resolved fluorescence is a well-established method to investigate
the dynamics of molecular systems (Lakowicz, 1999). Whereas fluorescence lifetime
experiments yield information on the microenvironment of the fluorophore, fluorescence
depolarization studies are widely applied for investigating rotational diffusion and
segmental motions. For proteins, processes such as aggregation, dissociation,
denaturation, and folding may be easily detected through fluorescence depolarization. In
addition, the technique can be used to monitor the viscosity of the environment and
changes therein, such as in membranes or cell systems. Fluorescence labelling is
generally used to attach suitable fluorophores to lipids, DNA and proteins. For the latter,
one could in principle use the intrinsic fluorescence of tryptophan residues. In practice,
using tryptophan fluorescence is complicated by interconversion between two electronic
levels in the first absorption band that are nearly degenerate (Creed, 1984), resulting in
fast fluorescence depolarization (Ruggiero et al., 1990). In addition, tryptophan
fluorescence is often difficult to interpret owing to the presence of more than one Trp
residue. However, external fluorescence labelling is not suitable for all systems. Besides
inconvenient mobility of the label itself, which may be avoided by bimodal labelling
techniques, steric aspects may not always allow the introduction of a fluorescence label.
The delicacy of the molecular structure and of the dynamics may also play a role.
Intrinsic protein fluorescence is therefore preferable for studying processes such as the
active-site dynamics of enzymes. Pre-eminently suited for this are enzymes that contain a
single naturally fluorescent reporter group in the active-site region, such as flavoenzymes.
The characteristic green fluorescence of the flavin cofactor has provided detailed
information on the active-site dynamics of a variety of enzymes that contain flavin
adenine dinucleotide (FAD) or flavin mononucleotide (FMN) as a redox-active prosthetic
group (for an overview, see van den Berg & Visser, 2001). Flavin fluorescence
depolarization studies have shed light on possible dissociation of the cofactor, local
mobility of the isoalloxazine ring, and –if fluorescence lifetime and molecular mass
allowed it- overall protein tumbling. In addition, structural information on multimeric
flavoproteins has been obtained from time-resolved anisotropy studies through
(homo)energy transfer between the flavin cofactors (Bastiaens et al., 1992a,b; Visser et
al., 1998). For the dimeric Azotobacter vinelandii lipoamide dehydrogenase, a small
rapidly depolarizing process was originally interpreted as local mobility of the
fluorophore (de Kok & Visser, 1987). Later studies with more advanced techniques and
comparison of the results with the interflavin distance and orientation of the flavins as
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became available from structural data of the enzyme (Mattevi et al., 1991), showed that
not mobility but homoenergy transfer between the flavin cofactors from the two different
subunits is the source of depolarization (Bastiaens et al. 1992a,b). Bastiaens et al.
compared the active-site dynamics of A. vinelandii lipoamide dehydrogenase with those
of glutathione reductase (GR) from human erythrocytes, an enzyme with a largely similar
active-site structure. Fluorescence depolarization studies on erythrocyte GR revealed in
addition to a small amount of homoenergy transfer as in lipoamide dehydrogenase, a
more rapidly depolarizing process with a large amplitude that was assigned to restricted
reorientational mobility of the isoalloxazine ring (Bastiaens et al., 1992b).
In the active-site region, the most striking difference between glutathione
reductase and lipoamide dehydrogenase is that GR contains a tyrosine residue adjacent to
the flavin (Tyr197 in human erythrocyte GR, Tyr177 in E. coli GR; Thieme et al., 1981;
Karplus & Schulz, 1987; Mittl & Schulz, 1994). Whereas the active site of lipoamide
dehydrogenase is easily accessible for the nicotinamide cofactor, the binding cleft for
NADPH in GR is blocked by this tyrosine residue (Karplus & Schulz, 1987). The
catalytic mechanism of GR therefore includes a movement of this tyrosine away from the
flavin (Pai & Schulz, 1983). Crystallographic analysis of complexes of GR with NADPH
and several analogues and fragments thereof, indeed showed a full or partial flip of the
tyrosine side chain towards an 'out' position that allows flavin reduction (Pai et al., 1988;
Karplus & Schulz, 1987, 1989; Mittl et al., 1994; Fig 3.1).
More recently, a detailed time-resolved fluorescence investigation was performed
on the role of the flavin-shielding tyrosine residue in the active-site dynamics of E. coli
GR (van den Berg et al., 1998, Chapter 2). The tertiary structure of E. coli GR is nearly
identical to the enzyme from human erythrocytes (Mittl & Schulz, 1994), though only
52% sequence homology exists (Greer & Perham, 1986), and the enzyme lacks the 16 N-
terminal residues of erythrocyte GR. To reveal the role of the flavin-shielding Tyr177
(equivalent to Tyr197 in erythrocyte GR), wild-type E. coli GR was compared with
mutants in which this residue had been replaced by site-directed mutagenesis.
Fluorescence lifetime data revealed that in ~90% of the free enzyme molecules, Tyr177
directly interacts with the light-excited flavin resulting in flavin fluorescence quenching
with a lifetime constant of only 7 ps (van den Berg et al, 1998; Chapter 2). Based on the
temperature invariance of this process and absorption spectra, and supported by redox
calculations and observations of tyrosine radicals in other flavoenzymes, the ultrafast
fluorescence quenching was explained by photoinduced electron transfer from the
tyrosine to the adjacent flavin. The temperature and viscosity dependencies of the
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fluorescence lifetime data clearly showed that the mutants GR Y177F and GR Y177G
have a more flexible protein structure than wild-type GR.
In this Chapter, a time-resolved fluorescence anisotropy investigation of wild-type
E. coli GR and the tyrosine mutants GR Y177F and GR Y177G is presented. To unravel
the nature of the processes inducing fluorescence depolarization, wild-type E. coli GR is
studied as a function of temperature and viscosity, and in complex with substrates and
analogues thereof. Based on the results, a novel mechanism of fluorescence
depolarization is proposed that involves a shift in the direction of the emission dipole
moment of the flavin resulting from a transient charge-transfer interaction with the
adjacent tyrosine.
Figure 3.1:   Representation of part of the active-site structure of E. coli glutathione
reductase. Shown are the relative positions of the isoalloxazine ring of FAD and
Tyr177 in the free enzyme (top panel; Mittl & Schulz, 1994) and in the enzyme
complexed with NADP+ (lower panel; Mittl et al., 1994). Note that in the latter case
Tyr177 has moved away from the isoalloxazine.
Tyr177
Tyr177
FAD
FAD
NADP+
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3.2 Materials and Methods
Enzyme material and sample preparation
Wild-type and mutant E. coli glutathione reductases were purified from the gor-
deleted E. coli strains NS3 and SG5, respectively, transformed with the appropriate
expression plasmid (Scrutton et al., 1987). The purification was based on the method
described by Berry et al. (1989) and is in detail described elsewhere (van den Berg et al.,
1998; Chapter 2). Wild-type and mutant glutathione reductase from human erythrocytes
were a kind gift from Prof. R.H. Schirmer, Heidelberg University, Germany. Pure
enzymes were stored in 80% ammonium sulfate at 277 K. Before use, possible traces of
free FAD were removed by chromatography on a Biogel PGD-6 column (Biorad)
equilibrated with the appropriate measuring buffer. Measurements were carried out in 50
mM potassium phosphate buffer pH 7.6, at 293 K, except for the titrations with 2'P-
5'ADP-ribose for which 50 mM MOPS buffer pH 7.6, was used. The enzyme
concentration was kept between 9-11 µM with respect to FAD (maximum OD of 0.10 at
the excitation wavelength, with ε463 GR = 11.3 mM
-1cm-1 (Williams, 1976). Buffers were
made from nanopure-grade water (Millipore) and were filtered through a 0.22 µm filter
(Millipore). 2'P-5'ADP-ribose, and NADP+ were purchased from Sigma. All chemicals
used were of the highest purity available. Samples containing glycerol were prepared by
gently mixing the eluted protein with fluorescent-grade glycerol (Merck). Before and
after a series of fluorescence experiments, flavin absorption spectra (Aminco DW2000
spectrophotometer, SLM Instruments, Urbana, IL, USA) were measured at 298 K to
check the quality of the samples.
Time-resolved fluorescence and fluorescence anisotropy measurements
Time-resolved polarized fluorescence experiments were carried out using the
time-correlated single-photon counting technique (TCSPC) (O’Connor & Phillips, 1984).
The TCSPC setup and the measurement procedures used were described in detail
elsewhere (van den Berg et al., 1998; Chapter 2), and will only shortly outlined below. A
mode-locked CW Nd:YLF laser was used for the synchronously pumping of a cavity-
dumped dye laser. Stilbene 420 and Coumarin 460 (Exciton Inc., Dayton, OH, USA)
were used as dyes for excitation at 450 nm and 460 nm, respectively. The samples were
excited with vertically polarized light with an excitation frequency of 594 kHz (duration
4 ps FWHM) and both parallel and perpendicularly polarized fluorescence was detected.
At 450 nm excitation, fluorescence was detected with a 557.9 nm interference filter
(Schott, Mainz, Germany, half-bandwidth of 11.8 nm) in combination with a KV 520 cut-
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off filter (Schott). At 460 nm excitation, fluorescence was detected with a 526.0 nm
interference filter (Schott, half-bandwidth of 12.6 nm) in combination with a KV 520 cut-
off filter (Schott), in order to avoid interference from Raman scattering of water (located
at 551 nm at 460 nm excitation). The data were collected in a multichannel analyzer with
a time window of 1024 channels at typically 15 ps/channel. For better time resolution in
the picosecond domain, additional data of wild-type GR were collected at 5.0 ps/channel.
The dynamic instrumental response function of the setup is approximately 40-50 ps
FWHM, and was obtained at the emission wavelength using erythrosine B in water (τ =
80 ps at 293 K) as a reference compound (Bastiaens et al., 1992b).
Data analysis
Data analysis was performed using two complementary methods. For analysis by
discrete exponential terms, global and associative fitting the 'TRFA Data Processing
Package' of the Scientific Software Technologies Center (Belarusian State University,
Belarus) was employed. Analysis in terms of a continuous distribution of decay times for
which no a priori knowledge of the system is required, was performed using the
maximum entropy method (MEM, Maximum Entropy Data Consultants Ltd., Cambridge,
UK). Detailed descriptions of the models for analyzing polarized fluorescence data with
MEM can be found elsewhere (Livesey & Brochon, 1987; Bastiaens et al., 1992b;
Brochon, 1994; van den Berg et al., 1998; Chapter 2). Further description of the models
for analysis will here be limited to the approach using discrete exponentials.
The total fluorescence intensity decay I(t) and anisotropy decay r(t) are obtained
from the measured parallel and perpendicular fluorescence intensity
components through the relations:
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in which the g-factor describes the sensitivity of the detection system for the
perpendicular component with respect to the parallel one. For the setup used the g-factor
equals unity (van Hoek et al., 1987). The fluorescence lifetime profile consisting of a sum
of discrete exponentials with lifetime τi and amplitude αi can be retrieved from the total
fluorescence I(t) through:
)(|| tI
Time-resolved flavin fluorescence depolarization in E. coli GR: …
65
)(|| tI
it
N
i
ietEtI
τα /
1
)()( −
=
∑∗= (3)
where E(t) is the instrumental response function. Fluorescence lifetime analysis of the GR
enzymes was employed using a five-component model as confirmed by the fluorescence
lifetime distributions obtained with MEM described in van den Berg et al. (1998, see also
Chapter 2).
In fluorescence anisotropy analysis, after deconvolution the time-dependent
fluorescence anisotropy r(t) is calculated from the parallel and perpendicular
components through the relations (Lakowicz, 1999):
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in which i = j for correlated systems in which particular lifetime components τi are
associated with particular correlation times φi (correlated or associative model), and i ≠ j
for systems in which all lifetimes equally contribute to the anisotropy (uncorrelated or
nonassociative model). In the case of uncorrelated fluorescence lifetimes and rotational
correlation times the time dependence of the anisotropy after δ−pulse excitation can thus
be described as:
∑
=
−
=
M
j
t
j
jertr
1
/
0)(
φ
(6)
where the sum of r0j is the fundamental initial anisotropy r0.
In a first approach, the nonassociative model was assumed in analyzing the
anisotropy decay of the GR enzymes. In MEM analyses, 100 correlation times between
0.01 and 100 ns and equally spaced in log(φ) space were introduced. The starting-model
for the rotational correlation spectra in MEM analysis was chosen to be flat in order to
avoid introducing a priori knowledge. MEM analysis was supported by nonassociative
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fitting of the anisotropy decay with a sum of discrete exponentials with the TRFA Data
Processing Package. Global analysis (Beechem, 1992) in which data sets were fitted
simultaneously with a sum of discrete exponentials, were performed through linking the
fluorescence lifetimes constants and/or the rotational correlation times for multiple data
sets.
Further analysis of the anisotropy decay of wild-type GR was performed using the
associative fitting model. Hereto, each fluorescence lifetime was considered to be related
to an independent quenching process with a potential process-specific anisotropy
behaviour (5 models because of the presence of 5 lifetimes). First estimates of the
rotational correlation parameters were obtained using a model of a single rotational
correlation time per fluorescence lifetime, with fixed values for the lifetime parameters as
obtained from the total decay analysis of the respective data set. To optimize the curve
fitting at the very beginning of the anisotropy decay (including the leading edge in the
first 150 ps), and in the region above ~3 ns, two rotational correlation times were allowed
for the fluorescence lifetime components of 7 ps and 2.6 ns. Theoretical rotational
correlation times calculated for overall protein tumbling and homoenergy transfer were
used to find proper starting conditions. In a final fitting procedure, freedom was allowed
for all parameters from both fluorescence intensity and anisotropy decays.
Theoretical models for fluorescence depolarization
The rotational correlation time data were evaluated according to the well-
established relations for overall protein tumbling and homoenergy transfer (Lakowicz,
1999). For a spherical protein, the correlation time for rotational diffusion φr is given by
the Stokes-Einstein relation:
kT
VNr
ηφ = (7)
where V is the molecular volume (V = 4/3πRh3, Rh is the Stokes radius), η the viscosity, N
the Avogadro's number, k the Boltzmann's constant, and T the absolute temperature. For a
globular protein at 293 K, this relation is approximated by (Visser & Lee, 1980):
rr M
41084.3 −×=φ (8)
in which Mr is the relative molecular mass of the protein in Da, and φr is in ns.
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The correlation time for energy transfer φT between a donor and acceptor in a
homodimer is defined as:
T
T k2
1
=φ (9)
in which the rate constant for energy transfer kT is given by the Förster equation (Förster,
1948):
642171071.8 −−−×= JRknk rT κ (10)
where κ2 is the orientation factor for the relevant transition dipole moments, n the
refractive index, kr the radiative fluorescence rate constant (ns-1) of the flavin, J the
integrated spectral overlap of the flavin absorbance and fluorescence spectra (M-1cm3),
and R is the distance (nm) between the donor and acceptor. The value for the radiative
fluorescence rate of the flavin is kr = 0.056 ns-1 (Visser & Müller, 1979), the refractive
index was estimated to be n = 1.4 (Steinberg, 1971; Bastiaens et al., 1992a). The
orientation factor  κ2  was calculated from the orientation between the emission dipole
moment of the donor flavin (Bastiaens et al., 1992a) and the absorption dipole moment of
the acceptor flavin (Johansson et al., 1979) appearing in the crystal structure of GR,
according to the method described by Dale et al. (1979).
3.3 Results
Fluorescence anisotropy decay of glutathione reductase
Time-resolved flavin fluorescence anisotropy analysis of the E. coli GR enzymes
showed that the polarization behaviour of wild-type GR differs strongly from the tyrosine
mutants GR Y177F and GR Y177G. For wild-type GR, a large depolarizing process was
observed that is absent in the mutant enzymes where only little fluorescence
depolarization occurs (Fig. 3.2). In a first approach, the fluorescence anisotropy decays
were analyzed treating fluorescence lifetimes and rotational correlation times as
uncorrelated parameters with the Maximum Entropy Method. Overall protein tumbling
was not observed due to highly efficient flavin fluorescence quenching in the E. coli GR
enzymes. Lifetime analysis of the highly heterogeneous flavin fluorescence intensity
decays of these enzymes yields lifetime distributions with five components (van den Berg
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et al, 1998; Chapter 2): for the mutant enzymes, lifetime components in the range
between 0.2 and 2.5 ns yield an average fluorescence lifetime of 0.15 ns, whereas
predominant ultrarapid quenching with a timeconstant of 7 ps resulted in an average
fluorescence lifetime of only 27 ps for wild-type E. coli GR (see Tables 2.1 and 2.2). The
intensity of the fluorescence signal is therefore insufficient to clearly resolve a rotational
correlation time of 38 ns, as can be expected from the modified Stokes-Einstein relation
(Eqn. 8) for a protein of 100 kDa at 293 K. For GR Y177F and GR Y177G, a correlation
time in the range between 2 and 7 ns was resolved, but this process only contributed with
a very small amplitude (Fig. 3.3). In 80% v/v glycerol between 293 K and 223 K, this
depolarizing effect was invariably described by a correlation time of 6 to 7 ns. This time
constant agrees with the small depolarizing process reported for human erythrocyte GR,
and can be assigned to intramolecular energy transfer between the two flavins (Bastiaens
et al., 1992b; Eqns. 9 & 10).
In wild-type E. coli GR, the large fluorescence depolarization can be described by
a rotational correlation time of ~2 ns at 293 K using the nonassociative model (Fig. 3.3).
In the uncorrelated fitting approach, however, the first half nanosecond of the anisotropy
decay of wild-type GR could not be described adequately (Fig. 3.4). For this reason,
associative analysis of the fluorescence lifetimes and rotational correlation times was
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Figure 3.2: Experimental fluorescence anisotropy decay of wild-type E. coli GR and
the mutants GR Y177F and GR Y177G in 50 mM potassium phosphate buffer pH
7.6, at 293 K. The initial anisotropy is ~0.38-0.39. Data were acquired at 15
ps/channel. Only the initial part of the time window is shown. After 5 ns, the count
rate had dropped from ~220000 counts in the peak channel to ~700 counts for wild-
type GR, and from ~165000 and ~145000 to ~2200 and ~2100 for GR Y177G and
GR Y177F, respectively.
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performed to yield better insight in the fluorescence depolarization behaviour of wild-
type GR. Associative analysis is, however, severely complicated by the large number of
potential parameters resulting from the five lifetime components of GR that may in
principle be correlated with one or more different depolarization processes. Moreover, as
a consequence of the extremely short average fluorescence lifetime of GR, the anisotropy
signal in the nanosecond region is carried by a very low number of photons yielding a
rather poor signal to noise ratio. Results of the associative analysis are therefore limited
to a more qualitative description of clear tendencies and potential correlations.
Associative analysis of the anisotropy decay of wild-type GR drastically improved
the quality of the fits within the first 600 ps of the anisotropy decay (Fig. 3.4).
Unambiguous associations between lifetime and correlation time constants were obtained
for the fluorescence lifetime components of 0.1 ns and 0.3 ns (Table 3.1). The 0.1 ns
component does not show any significant depolarization and may be connected with
overall protein tumbling. The 0.3 ns lifetime fully corresponds with a rapidly
depolarizing process with a time constant of ~2 ns at 293 K. Particularly this fluorescence
lifetime seems responsible for the rapid depolarization that can easily be inspected in the
experimental data by eye. For the longer lifetime components, it was more difficult to
obtain clear correlations. Although the 1.0 ns and 2.6 ns fluorescence lifetime   
components only contribute to the total fluorescence decay for less than 1% each, they
are the main carriers of the anisotropy signal in the nanosecond time region. Given the
Figure 3.3: Distribution of correlation times of wild-type GR (black line) and
mutants GR Y177F (grey line) and GR Y177G (dotted line) in 50 mM potassium
phosphate buffer pH 7.6 at 293 K as obtained in MEM analysis with the uncorrelated
model for anisotropy decay.
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poor signal to noise ratio in this region, discrimination between a single or double
depolarizing event, and an estimate of the time intervals for the corresponding correlation
times could be made reasonably well. For the 1.0 ns lifetime component such analysis
resulted in a single correlation time with a time constant between ~2-3.5 ns. For the 2.6
ns component, two correlation times (φ1 ≈ 3-7 ns and φ2 > 30 ns) were fitted. For an
adequate description of the ‘pseudo plateau’ between 150-300ps, and in particular, the
slow ingrowth of anisotropy near 150 ps, also two rotational correlation times had to be
allowed; one corresponding to the rotational diffusion of the protein, and a faster process
with an ill-defined time constant in the region between 0.1-5 ns. The effect of changes in
relative amplitude of the correlation times corresponding to the 7 ps lifetime was
surprisingly large: not only the anisotropy features of the leading edge were determined
by these amplitudes, but also proper fitting up to the first hundreds of picoseconds of the
anisotropy decay. The presence of a rapidly depolarizing process connected with the
ultrashort lifetime can thus be firmly established, though the time constant cannot be
determined accurately enough to discriminate between a protein relaxation-related
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Figure 3.4: Experimental anisotropy decay of wild-type GR at 293 K (50 mM
potassium phosphate buffer pH 7.6, data acquired at 7.0 ps/channel), and
corresponding theoretical data as obtained from the nonassociative fitting with five
lifetime components and two rotational correlation times (⋅⋅⋅⋅⋅), and from the
associative fitting with five lifetime components and a model for anisotropy decay as
described in Table 3.1 (). Note the difference in the quality of the fits in the first
600 ps of the anisotropy decay.
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Table 3.1: Potential relations between the fluorescence lifetime parameters and
fluorescence depolarization processes in wild-type E. coli GR in 50 mM potassium
phosphate buffer pH 7.6,  293 K as retrieved from associative fitting.
Lifetime parameters
(τi in ns, αi in %)
Correlation times
(order of magnitude in ns)
    Relative contributions
(normalized per τi)
0.007 (~90%) >30 large (~75%)
~ 0.1 – 5 small (~25%)
0.09 (~8%) >30
0.3 (~2%) 1.8 - 2.2
1.0 (<1%) ~2 - 3.5
2.6 (<1%) ~3 – 7 large  (~85%)
>30 small (~15%)
0.0
0.0
0.
1
2Table 3.2: Fluorescence lifetime constants (τi) and fractional contributions (αi) of
wild-type E. coli GR at 293 K, pH 7.6 in: 50 mM potassium phosphate buffer,
unliganded and saturated with NADP+; and 50 mM MOPS buffer, unliganded and
saturated with 2'P-5'ADP-ribose (ADPR).
Potassium Phosphate MOPS
wt GR wt GR + NADP+ wt GR wt GR + ADPR
τi (ns) αi τi (ns) αi τi (ns) αi τi (ns)     αi
07 ± 0.001 0.90 0.007 ± 0.002 0.76 0.007 ± 0.001 0.82 0.005 ± 0.001 0.67
90 ± 0.008 0.076 0.12 ± 0.01 0.18 0.061 ± 0.009 0.13 0.11 ± 0.03 0.15
29 ± 0.04 0.020 0.37 ± 0.04 0.04 0.22 ± 0.02 0.04 0.34 ± 0.02 0.10
.0 ± 0.2 0.003 0.76 ± 0.05 0.01 0.86 ± 0.2 0.004 0.73 ± 0.1 0.053
.6 ± 0.3 0.002 2.1 ± 0.2 0.01 2.4 ± 0.1 0.002 2.0 ± 0.4 0.01371
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process or other sources of rapid depolarization. Although we cannot definitely exclude
the presence of (sub)nanomolar traces of free FAD  (φFAD = 0.2 ns and τ1−FAD (~80%) =  7
ps at 293 K; Chapter 6), we have no indications for it from experiments, nor from the
associative analyses of the other fluorescence lifetime parameters: besides the
predominant ultrashort lifetime of the conformation in which the flavin and adenine
moieties are stacked, free FAD has a second lifetime component (τ
 
 = 2.7 ns) with
considerable amplitude (~15%) related to the 'open' conformation (Chapter 6). The minor
2.6 ns lifetime component obtained for E. coli GR, however, did not reveal fast
depolarization of the order of 0.2 ns.
The correlation time of 2 ns in E. coli GR is close to the time constant reported for
the dominating rapid anisotropy decay in human erythrocyte GR (φ ≈ 1.5 ns; Bastiaens et
al., 1992b) which was explained by assuming a restricted reorientational motion of the
flavin. The fact that no such rapid depolarization is observed in the tyrosine mutants of E.
coli GR, renders the interpretation of internal mobility questionable, the more as
fluorescence lifetime data earlier indicated a more mobile flexible structure for the
mutant enzymes than for wild-type GR (van den Berg et al., 1998; Chapter 2). To rule out
the possibility of species-specific effects, human erythrocyte GR was re-evaluated and
compared with its mutant enzyme GR Y197S, in which the equivalent flavin-shielding
tyrosine was replaced. Time-resolved fluorescence anisotropy experiments on these
enzymes revealed the same phenomenon: the large rapid depolarization found in wild-
type erythrocyte GR is absent in the mutant Y197S lacking the juxtaposed tyrosine,
indicating a role for this particular residue in the mechanism of fluorescence
depolarization (data not shown).
The role of Tyr177 in flavin fluorescence depolarization
To unravel the nature of rapid fluorescence depolarization in GR and to validate
the involvement of the flavin shielding tyrosine, wild-type E. coli GR was further tested
by titration with substrate analogues that bind via the NADPH-binding cleft, but do not
reduce the flavin. Crystal structures of the E. coli GR/NADP+ complex had shown that in
this complex, the oxidized nicotinamide cofactor intercalates between the tyrosine and
the flavin, so that the tyrosine side chain is shifted towards an 'out' position. (Fig. 3.1;
Mittl et al., 1994). Titrations of wild-type GR with NADP+ showed that upon complex
formation, the amplitude of the rapidly depolarizing process diminishes, until full
saturation occurs (Fig. 3.5). A similar effect was obtained with the substrate analogue
2'P-5'ADP-ribose (Fig. 3.6). Analysis of crystals of human erythrocyte GR soaked with
this analogue showed the tyrosine in the 'out' position for ~50% of the enzyme/substrate
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complexes, whereas in the remaining ones the substrate analogue blocked the NADPH
entrance with the tyrosine side chain in the 'in' position adjacent to the flavin (Pai et al.,
1988). At full saturation with either NADP+ or 2'P-5'ADP-ribose, the anisotropy decay of
wild-type GR was identical to that of the tyrosine mutants in the unliganded state. These
results are consistent with the proposed interaction between the flavin and Tyr177
causing rapid fluorescence depolarization. A prominent effect on the fluorescence
anisotropy was observed for concentrations of 1-10 µM 2'P-5'-ADP-ribose, and 0.1-3
mM NADP+, in accordance with the lower binding affinity of the enzyme for the latter
(Pai et al., 1988), in particular in the presence of free phosphate. Though beyond the
scope of this investigation, accurate binding constants for the above-mentioned ligands
could in principle be determined from the (steady-state) anisotropy. In titrations, a
significant effect on the fluorescence lifetime patterns was observed (Table 3.2). NADP+-
binding induced a decrease in amplitude of the ultrafast component and some shifts in the
time constants of the components. Experiments with 2'P-5'ADP-ribose were performed in
MOPS buffer, which itself caused a slight shift of the 0.1 and 0.3 lifetime constants
(Table 3.2). Binding of 2'P-5'ADP-ribose reduced the amplitude of the ultrafast
component with 20~25%, and changed the lifetime components towards time constants
as found for the enzyme/NADP+ complex. This decrease in amplitude is consistent with
crystallographic data on 2'P-5'ADP-ribose (see Discussion). In the complex with NADP+,
the remaining ultrafast lifetime component may originate from an efficient quenching
interaction with the bound nicotinamide cofactor.
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Figure 3.5: Fluorescence depolarization of wild-type E. coli GR at 293 K (in 50 mM
potassium phosphate buffer pH 7.6) as a function of the NADP+ concentration.
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Figure 3.6: Fluorescence depolarization of wild-type E. coli GR at 293 K (in 50 mM
MOPS, pH 7.6) as a function of the concentration 2'P-5'ADP ribose (ADPR).
Figure 3.7: Temperature and viscosity dependencies of the fast correlation time of
wild-type E. coli GR. Measurements were performed in the range between 277 and
303 K, in 50 mM potassium phosphate buffer, pH 7.6, with a percentage (w/w)
sucrose varying from 0 to 60%.
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The mechanism of interaction between the flavin and Tyr177 leading to rapid
fluorescence depolarization was further investigated as a function of both temperature
and solvent viscosity, using sucrose as a cosolvent. The fast correlation time of E. coli
GR appeared to be strongly dependent on viscosity and temperature (Fig. 3.7). Increasing
temperature from 277 K to 303 K caused a decrease in the fast correlation time by a
factor 2 (irrespective of the sucrose concentration used), whereas increasing the sucrose
concentration from 0% to 60% resulted in a 2.5 to 3 times longer correlation time. In
aqueous solution, the change in rotational correlation time roughly corresponded with the
viscosity effect of changing temperature. The bulk viscosity increase induced with
sucrose was larger than the change in correlation time corresponding to the rapid
depolarization process. In high percentages of glycerol, no rapid fluorescence
depolarization was observed. These results clearly show the dynamic nature of the
interaction leading to rapid fluorescence depolarization.
3.4 Discussion
Time-resolved flavin fluorescence anisotropy studies on glutathione reductase
revealed a remarkable new phenomenon: wild-type GR exhibits rapid fluorescence
depolarization, that is absent in mutant enzymes lacking the flavin-shielding tyrosine. In
accordance with the common interpretation of rapid fluorescence depolarization that
cannot be explained by rotational diffusion or energy transfer, restricted segmental
mobility was proposed for the isoalloxazine ring of the flavin cofactor in human
erythrocyte GR (Bastiaens et al., 1992b). Based on fluorescence lifetime experiments of
the E. coli GR enzymes (van den Berg et al., 1998, Chapter 2), however, there is no
reason to assume the flavin to be more mobile in wild-type GR than in the mutants
lacking the tyrosine. In fact, temperature and viscosity dependencies of the fluorescence
lifetime data indicated a more flexible protein structure for the GR Tyr177 mutant
enzymes. The rigidity of the microenvironment of the isoalloxazine ring of the flavin that
was observed in fluorescence lifetime data of wild-type GR is in agreement with
crystallographic studies revealing very low B-factors for the entire active centre of GR
(<B> ≈ 10 Å2 in erythrocyte GR; Karplus & Schulz 1987; Mittl & Schulz, 1994). For E.
coli GR as well as human erythrocyte GR, the isoalloxazine ring of FAD is very rigidly
bound (<B> = 9.1/7.9 Å2 and <B> = 8.7 Å2, respectively), and cofactor mobility
gradually increases towards the adenine end (<B> = 22.9/17.1 Å2 and <B> = 16.2 Å2,
respectively). On the basis of these data, the difference in fluorescence depolarization
behaviour between wild-type GR and the tyrosine mutants has led us to propose a novel
mechanism for fast anisotropy decay: flavin fluorescence depolarization may arise from
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the formation of a charge-transfer (CT) complex between the light-excited flavin and the
adjacent tyrosine, under condition that the direction of the emission dipole moment in the
CT complex is shifted (van den Berg et al., 1998).
Firm support for this depolarization mechanism has been obtained from studies on
binary complexes between wild-type E. coli GR and substrate analogues. The absence of
fast depolarization upon blocking the position of the flavin-shielding tyrosine in either the
'out' or the 'in' conformation provides further evidence for the involvement of an
interaction with this particular tyrosine residue. In crystallographic studies on the E. coli
GR/NADP+ complex, the displacement of Tyr177 to the 'out' position (Fig. 3.1) was
directly related to the degree of occupation of the nicotinamide binding site (Mittl et al.,
1994). Crystals of human erythrocyte GR soaked with the analogue 2'P-5'ADP-ribose
lacking the nicotinamide moiety, showed Tyr197 in the 'out' conformation in ~30% of the
molecules (Pai et al., 1988). As the pyrophosphate moiety of this analogue bound with an
occupancy of ~60%, it was concluded that the 'ribose-in/Tyr197-out' conformation and
the 'ribose-out/Tyr197-in' conformation of the complex with 2'P-5'ADP-ribose are close
in energy under crystallization conditions. Based on the crystallographic analysis of a
series of fragments and analogues Pai et al. (1988) concluded that for movement of the
tyrosine a ligand extending from adenine to at least the N-ribose was required. As the
binding affinity for the ligands decreased from the adenine end towards the nicotinamide
end, they suggested that productive binding of NADPH starts with binding of the adenine
moiety to the preformed 2'-phosphate binding site, followed by an 'induced fit' movement
of Tyr197 by the nicotinamide moiety. Important for the displacement of the flavin-
shielding was the small rotation of the α-helical residues 196-201 observed: because of
steric effects, the ribose cannot bind properly without a movement of the side chains of
Tyr197 and in particular Ile198. Although for E. coli GR, no crystallographic data of
complexes with fragments of NADPH are available, similar effects and mechanisms are
expected on the basis of the very high similarity of the active site structures of the E. coli
and human erythrocyte enzyme (Mittl & Schulz, 1994). The fact that human erythrocyte
GR and its mutant Y197S behaved identical to the corresponding E. coli enzymes in both
fluorescence intensity decay and fluorescence depolarization (albeit with somewhat
different time constants and amplitudes) is in accordance with this.
The dynamic origin of the fluorescence depolarization process in GR is clearly
confirmed by its strong temperature and viscosity dependencies. Whereas increasing
temperature accelerated fluorescence depolarization, increasing solvent viscosity slowed
the process down. The rapid fluorescence depolarization in GR may thus reflect a
relaxational process during the lifetime of the excited state of the flavin involving the
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flavin shielding tyrosine. Light excitation itself is known to induce rapid (vibrational)
relaxation of the protein environment near the fluorophore. This effect, similar to solvent
relaxation of chromophores free in solution, generally takes place on time scales of
femtoseconds to several picoseconds and affects the direct environment of the
chromophore. The nanosecond fluorescence depolarization reported in this study is
therefore likely to originate from a process that is either not, or indirectly influenced (e.g.
through dipolar effects or long-range interactions) by light excitation. As the fluorescence
depolarization signal in E. coli GR is only carried by photons from the minor fraction of
GR molecules in which flavin fluorescence is not quenched almost instantaneously (α ≈
90% for τ = 7 ps), an explanation for the nanosecond time constant may be relaxation
from Tyr177 from a more 'out' position at the moment of excitation, to the 'in' postion in
which the flavin and tyrosine can interact. It may be that in a fraction of the enzyme
molecules the Tyr177 remains in an 'out' position throughout the lifetime of the excited
state. Although the results of the associative fitting are certainly not conclusive, the
(partial) correlation of the longest lifetime with overall protein tumbling and homoenergy
transfer may be indicative for this.
All together, the fluorescence lifetime and fluorescence depolarization
experiments on wild-type GR and the tyrosine mutants, supported by the substrate-
binding, temperature and viscosity experiments as well as crystallographic data, provide
evidence for a novel mechanism of flavin fluorescence depolarization: during the lifetime
of the excited state the flavin interacts with the nearby tyrosine and a CT complex is
generated in which the emission dipole moment of the flavin is shifted. The basis for a
charge-transfer mechanism for ultrafast fluorescence quenching in E. coli GR was
discussed thoroughly in Chapter 2 (van den Berg et al., 1998, and references therein).
Firm evidence for the formation of CT complexes between the light-excited isoalloxazine
ring and juxtaposed tyrosine and tryptophan residues through photoinduced electron
transfer was recently also provided in time-resolved fluorescence and absorption studies
with femtosecond resolution on the flavoproteins glucose oxidase and riboflavin-binding
protein (Zhong & Zewail, 2001).
To observe fluorescence depolarization in a rigid CT complex, two prerequisites
should be met: first, the direction of the emission dipole moment of the CT complex
should shift with respect to that of the fluorophore itself. The relation between the
direction of the emission dipole moment and the initial anisotropy r0, which is equivalent
to the time-dependent anisotropy r(t) in a rigid system without further interactions, is
given by (Lakowicz, 1999):
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where θ is the angle between the absorption and the emission dipole moments, and cos2 θ
describes the average value for the angular displacement. Under the assumption that the
end value of the anisotropy decay only reflects the CT complex, a very crude estimation
for the angular displacement in wild-type GR (293 K) is ~36-48° (Fig. 3.8). This
estimation almost certainly oversimplifies the system: it neglects the possibility of
molecules with a long lifetime of the excited state, that do not form a CT complex, but
show (little) fluorescence depolarization through energy transfer or overall rotation.
However, as the tyrosine mutants of E. coli GR point out, the depolarization through
homoenergy transfer is only very small, and the decrease in anisotropy as a result of
overall protein tumbling is low due to the much longer time constant (~38 ns). A similar
shift in the direction of the emission dipole moment is likely to occur in the rapidly
formed CT complex that leads to the 7 ps fluorescence lifetime constant. Because of the
very short fluorescence lifetime, this major population hardly contributes to the
fluorescence depolarization signal, but in principle, it may show up in a decreased value
for r0, or in the leading edge of the depolarization curve. In the time-resolved fluorescence
data, the leading edge of the fluorescence decay shows an increase in anisotropy with
increasing fluorescence intensity, but significant differences between wild-type E. coli
GR and the tyrosine mutants could not be resolved. A setup with a better time resolution
may yield more insight into such effects.
A second prerequisite for observing fluorescence depolarization from a CT
complex is that the complex is (partially) emissive. In Chapter 2, it was discussed that the
formation of a CT complex may lead to very efficient nonradiative de-excitation
pathways. This leaves unimpaired that for the nanosecond depolarization effect, at least a
fraction of molecules contributing to the phenomenon, must have emitted light. A recent
absorption and fluorescence study with femtosecond resolution on the flavoproteins
glucose oxidase and riboflavin-binding protein leaves such possibility open: for the
enzyme glucose oxidase, in which the flavin is surrounded by two tyrosines and two
tryptophans (Hecht et al., 1993), transient absorption spectra revealed a rise time for the
CT complex comparable to the dominant fluorescence lifetime (τ = 1.8 ps, α = 75%;
Zhong & Zewail, 2001). The absorption decay of the CT state showed two components;
one of ~30 ps and one of nanoseconds or longer. Zhong & Zewail attributed the decay
times of the FAD•-/Tyr•+/Trp•+ complexes to possible charge recombination of the FAD•-
/Trp•+ complex in ~30 ps, and that of the FAD•-/Tyr•+ complex to a time constant of more
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than a nanosecond. As basis for the proposed slower charge recombination in the
flavin/tyrosine CT complex, it was suggested that following photoinduced electron
transfer, proton transfer from the oxidized tyrosine radical to the FAD anion may occur,
leading to much longer times necessary for recombination of both the electron and the
proton. Although in our opinion, the experiments do certainly not rule out back-electron
transfer from the flavin to the tyrosine in ~30 ps, the existence of long-lived CT
interactions and the observation that CT complexes can also absorb light in the blue
spectral region, are certainly interesting. In fluorescence, glucose oxidase showed besides
the dominant fluorescence lifetime time of 1.8 ps, a second lifetime component of 10 ps,
and minor components (1-3%) in the nanosecond region (Zhong & Zewail, 2001). The
latter were attributed to the presence of free flavin in the samples. As the fluorescence up-
conversion experiments did not yield anisotropy information, comparison with the
fluorescence depolarization effects reported in this study is not possible.
Figure 3.8: Schematic representation of the interaction causing depolarization by a
change in direction of the emission transition moment from the initial 'in-plane' (of
the isoalloxazine ring) direction (µem) to an 'out-of-plane' direction corresponding to
the emission transition moment of the charge-transfer excited state (µct). The angle
between the absorption and emission dipole moments in the CT complex is roughly
estimated between ~36-48°. The example is taken from the structure of E. coli GR.
Tyr 177 µct
µem
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Similar fluorescence depolarization phenomena as reported here have also been
obtained for NADH peroxidase (Visser et al., 1998). The active-site structure of this
related tetrameric peroxide reductase shows strong similarities with that of GR; on the re-
side of the isoalloxazine ring, a nearby tyrosine residue (Tyr159) blocks the NADH-
binding site (Stehle et al., 1991). As with GR, crystallographic analysis revealed that
binding of the nicotinamide cofactor is coupled with a movement of this tyrosine away
from the flavin (Stehle et al., 1993). Time-resolved fluorescence anisotropy experiments
on wild-type NADH peroxidase revealed a rapidly depolarizing process with a time
constant similar to that of GR (Visser et al., 1998). In the mutant enzyme NADH
peroxidase Y159A, this rapid depolarization no longer appeared and the remaining small
amount of depolarization was only determined by homoenergy transfer between the four
flavins in the tetramer. Besides a temperature dependence, the rapid depolarization in
wild-type enzyme also showed a clear wavelength dependence. On the red side of the
emission spectrum (567 nm), depolarization occurred faster than on main-band detection
(526 nm), which confirms the relaxational character of the process: the formation of a
transient complex between the light-excited flavin and the tyrosine results in a more
stabilized charge-transfer excited state, that is hence redshifted compared to the first-
excited singlet state. In analogy with GR, the rapid depolarization in NADH peroxidase
was attributed to a transient interaction between the tyrosine and the light-excited flavin.
The similarity of the phenomena in both flavin proteins indicate that the formation of a
charge-transfer complex, in which the emission dipole moment moves out of the plane of
the isoalloxazine ring may well be a general mechanism of flavin fluorescence
depolarization in systems that allow relaxation of an aromatic amino acid positioned at
Van der Waals distance of the isoalloxazine ring.
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Exploring the conformational equilibrium of
Escherichia coli thioredoxin reductase:
characterization of two catalytically important
states by ultrafast flavin fluorescence
spectroscopy
This Chapter has been published as:
van den Berg, P.A.W., S.B. Mulrooney, B. Gobets, I.H.M. van Stokkum, A. van Hoek, C.H.
Williams Jr., and A.J.W.G. Visser. 2001. Protein Sci., 10, 2037-2049.
The conformational dynamics of wild-type Escherichia coli thioredoxin reductase
(TrxR) and the mutant enzyme C138S were studied by ultrafast time-resolved
fluorescence of the flavin cofactor in combination with circular dichroism (both in the
flavin fingerprint and far-UV regions) and steady-state fluorescence and absorption
spectroscopy. The spectroscopic data show two conformational states of the enzyme
(named FO and FR), of which the physical characteristics differ considerably. Ultrafast
fluorescence lifetime measurements make it possible to distinguish between the two
different populations: dominant picosecond lifetimes of ~1 ps (contribution 75%) and 7
ps (8%) are associated with the FO species in TrxR C138S. Long-lived fluorescence with
two time constants in the range of 0.2 to 1 ns (total contribution 17 %) originates from
enzyme molecules in the FR conformation. The near absence of fast lifetime components
in oxidized wild-type TrxR supports the idea of this enzyme being predominantly in the
FR conformation. The emission spectrum of the FO conformation is blueshifted with
respect to that of the FR conformation. Because of the large difference in fluorescence
characteristics, fluorescence measurements on time scales longer than 100 ps are fully
determined by the fraction of enzyme molecules in the FR conformation. Binding of the
thiol-specific reagent phenyl mercuric acetate to both wild-type enzyme and TrxR C138S
stabilizes the enzymes in the FR conformation. Specific binding of the NADPH-analogue
AADP+ to the FR conformation resulted in dynamic fluorescence quenching in support of
the multiple quenching sites model. Raising the temperature from 277 K to 323 K
resulted in a moderate shift to the FR conformation for TrxR C138S. High concentrations
of the cosolvent glycerol triggered the domain rotation from the FO to the FR
conformation.
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4.1 Introduction
Indications for the involvement of conformational dynamics in the catalytic
mechanism of enzymes often arise from a conflict between structural and kinetic data.
For many enzymes such as, e.g., alcohol dehydrogenase (Eklund et al., 1981) and
glutathione reductase (Pai & Schulz, 1983), the resolution of the three-dimensional
solution structure of the protein raised as many questions as it solved: prerequisites for
catalysis such as substrate binding, product release or interactions between different
catalytic groups involved, could often not be clarified on the basis of the structural data.
Mobility of the peptide chains then offers a likely explanation. For a number of enzymes
including, e.g., citrate synthase (Remington et al., 1982; Lesk & Chotia, 1984) and
adenylate kinase (Schulz et al., 1990; Gerstein et al., 1993b), the occurrence of large
conformational changes during catalysis has indeed been confirmed by X-ray structures
of free protein and protein/substrate (analogue) complexes. Movements of complete
protein domains can then play a prominent role (for review, see Gerstein et al., 1994).
From the point of view of domain motions, a particularly interesting enzyme is the
flavoprotein thioredoxin reductase from Escherichia coli. Thioredoxin reductase (TrxR)
is a member of the pyridine-nucleotide oxidoreductase family, which includes glutathione
reductase, lipoamide dehydrogenase and NADH peroxidase (for reviews, see Williams,
1992, 1995). The enzyme catalyses the NADPH-dependent reduction of the single
disulfide bridge in the protein substrate thioredoxin (Mr = 11,700) (Moore et al., 1964;
Holmgren, 1968). Thioredoxin is involved in a variety of cellular processes, including
ribonucleotide reduction (Thelander, 1967; Holmgren, 1989), and protein folding
(Yasukawa et al., 1995).
The features and redox properties of TrxR enzymes from various organisms have
been studied extensively (Williams 1992, 1995; Arscott et al., 1997, and references
therein; Wang et al., 1999; Williams et al., 2000). The enzymes can be divided into two
classes, based on differences in molecular weight, amino acid sequence homology, and
catalytic mechanism. High-molecular weight thioredoxin reductases from higher
eukaryotes resemble other oxidoreductases like glutathione reductase and lipoamide
dehydrogenase in both structure and mechanism (Arscott et al., 1997). However, low-
molecular weight TrxRs occurring in prokaryotes, fungi and plants appear to be more
distinctly related (Kuriyan et al., 1991; Arscott et al., 1997; Williams et al., 2000).
E. coli thioredoxin reductase (EC 1.6.4.5) is a homodimeric enzyme that contains
one redox-active disulfide bridge and one molecule of FAD per subunit of Mr = 35,300.
Exploring the conformational equilibrium of E. coli TrxR:…
83
The protein has a high affinity for the noncovalently bound flavin cofactor (Moore et al.,
1964; Thelander, 1967; Williams et al., 1967). E. coli thioredoxin reductase uses a
ternary complex mechanism (Lennon & Williams, 1995). During catalysis, the enzyme
shuttles between the two-electron-reduced and four-electron-reduced state (Lennon &
Williams, 1996). From kinetic studies on the reductive half-reaction of the enzyme, a
three-phase mechanism has been proposed in which the rate-limiting step is attributed to
a gross conformational change of the protein (Lennon & Williams, 1997).
Indications for the requirement of a large conformational change first arose from
the high-resolution crystal structure of the free enzyme (Kuriyan et al., 1991; Waksman et
al., 1994). In these studies it was shown that each TrxR monomer consists of an NADPH-
binding domain and an FAD-binding domain, connected by a double-stranded β-sheet.
However, no obvious path for the flow of electrons from NADPH to the active-site
disulfides via the flavin could be found. In the crystal structure, the active-site disulfides
are buried in the protein interior near the flavin ring. However, there is no binding site
present for thioredoxin, leaving dithiol-disulfide interchange with the protein substrate
unexplained. Moreover, NADPH is bound 17 Å away from the flavin ring, with the
nicotinamide ring positioned in a solvent-accessible area. Both NADPH and the
disulfides are located on the re-side of the flavin in such a way that access of the NADPH
to the isoalloxazine ring is blocked. By graphically rotating the NADPH domain over
OHSH
138135
OHSH
138 135
FAD domain
pyridine nucleotide
domain
FAD domain
FO FR
pyridine nucleotide
domain
PN PN
Figure 4.1: Cartoon representation of TrxR C138S in the FO and FR conformations.
The FAD and pyridine nucleotide domains are indicated as triangles and connected
by lines depicting the double-stranded β-sheet. The three circles represent the
isoalloxazine ring of FAD, and PN indicates the pyridinium ring of the bound
pyridine nucleotide. In the FR conformation, the flavin is in contact with the
nicotinamide of bound NADPH or the aminopyridine of bound AADP+; the
remaining thiol is at the surface where it can react with thiol reagents stabilizing the
FR conformation. In the FO conformation, Cys135 is buried close to the flavin and
the pyridine nucleotide-binding site is exposed. Free enzyme in the FR conformation
is relatively fluorescent, whereas in the FO conformation, fluorescence is quenched.
Although the rotation between the FO and FR is shown as a 180° in this illustration,
it is actually 67°.
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66°, Waksman et al. (1994) showed that the problems of juxtaposition could be
overcome. In the resulting model, the relative positioning of the FAD-binding and
NADPH-binding domains is similar to that of other oxidoreductases such as glutathione
reductase. Now, the nicotinamide C4 and the isoalloxazine N5 atoms are in close contact
with both rings parallel to each other, thus allowing efficient hydride transfer. In addition,
the redox-active disulfides move to the surface of the protein where they become
accessible for the protein substrate. Based on these findings, it was proposed that E. coli
thioredoxin reductase has two conformational states: the form corresponding to the
original crystal structure, in which the disulfide can oxidize the flavin (FO), and a
conformation in which the rings of NADPH and FAD are juxtaposed, suitable for dithiol-
disulfide interchange with thioredoxin and reduction of the flavin (FR) (Fig. 4.1).
To trap the enzyme in the FR conformation, crosslinked complexes have been
constructed from mutant forms of thioredoxin and thioredoxin reductase that all had one
of the two active-site cysteines mutated to serine. The remaining active-site cysteine in
both thioredoxin and TrxR was then used to form a covalent bond between the two
proteins. Kinetic studies of TrxR C135S linked to thioredoxin C32S showed that this
complex was locked in one conformation, in which indeed FAD could be reduced by
NADPH, but the electrons could not be transferred to the active-site disulfide (Wang et
al., 1996). Similar results were reported for TrxR C138S complexed with thioredoxin
C35S (Veine et al., 1998a).
The properties of the mutant enzyme used in this study, TrxR C138S (Prongay et
al., 1989) were recently re-evaluated (Veine et al., 1998a). In contrast to wild-type TrxR,
which has a flavin fluorescence quantum yield (Q) comparable to that of lipoamide
dehydrogenase (Q = 0.1), TrxR C138S is only slightly fluorescent (7% of that of wt
TrxR). This flavin fluorescence quenching was postulated as due to the proximity of
Ser138 to the isoalloxazine ring, which occurs in the FO conformation (Mulrooney &
Williams, 1997). Steady-state flavin fluorescence studies on wt TrxR and TrxR C138S
were performed to find support for the existence of both FO and FR conformations in
solution. It was proposed that in the mutant enzyme TrxR C138S, the FO conformation is
stabilized by a hydrogen bond between the serine residue and the N5 atom of the flavin
ring system. Results from intrinsic fluorescence spectra, fluorescence titrations with the
thiol-specific reagent phenylmercuric acetate (PMA) and the NADPH analogue 3-
aminopyridine adenine dinucleotide (AADP+), as well as from absorption and limited
proteolysis experiments, agreed with the model that in solution, the FO and FR
conformations are in equilibrium. Only recently, crystal structure analyses of the
crosslinked enzyme-protein substrate complex have indeed shown the existence of this
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FR conformation of E. coli thioredoxin reductase (Lennon et al., 2000): the structure of
this complex resolved at 3.0 Å revealed a conformation in which the pyridine nucleotide
domain was rotated by 67° with respect to the structure of the free enzyme.
More details of the conformational dynamics can be revealed using high time-
resolution spectroscopic techniques. Time-resolved flavin fluorescence detection offers
the unique possibility of probing the dynamic processes right on the site where catalysis
occurs. The flavin fluorescence lifetime spectrum is very sensitive to the specific
environment of the isoalloxazine and amino acid motions that alter this
microenvironment. In addition, mobility of the flavin cofactor during the lifetime of the
excited state can be visualized by time-resolved fluorescence anisotropy detection.
Recent time-resolved flavin fluorescence studies on the oxidoreductases glutathione
reductase and NADH peroxidase have yielded profound information on the protein
dynamics, conformational stability, and mechanism of fluorescence quenching in these
enzymes (van den Berg et al., 1998; Visser et al., 1998).
 In this study, time-resolved flavin fluorescence is used to monitor the
conformational dynamics of E. coli  thioredoxin reductase. Sub-picosecond resolution
fluorescence lifetime data in combination with fluorescence lifetime and fluorescence
anisotropy data on a picosecond-to-nanosecond time scale, show two different protein
conformational states and yield a picture of the dynamic behaviour of the active site.
Binding of substrate (analogues) and a specific thiol reagent is used to trap the enzyme in
one conformational state. Variations in temperature and concentration of the cosolvent
glycerol serve as complementary approaches to influence conformational dynamics.
Time-resolved fluorescence data are supported by fluorescence and absorption spectra
and circular dichroism (CD) spectra in the visible light region, which show clear
transitions in the direct microenvironment of the flavin. 
4.2 Materials and Methods
Enzymes and sample preparation
Wild-type TrxR was purified from E. coli strain A326, which contains an
insertion in the genomic TrxR gene (Russel & Model, 1986), transformed with the
recombinant plasmid pTrR310 (Mulrooney, 1997). TrxR C138S was expressed from the
recombinant plasmid pTrR336 as described elsewhere (Mulrooney & Williams, 1997).
Both enzymes were purified as described previously (Mulrooney, 1997). Pure enzymes
were stored in 80% ammonium sulfate at 277 K. All chemicals used were of the highest
purity available, and buffers were filtered through a 0.22 µm filter (Millipore).
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After centrifugation, 1 mM of DTT was added to the resuspended TrxR C138S to
remove potential sulfenic acid adducts on Cys135. For both wild-type and mutant TrxR, a
Biogel PGD-6 column (Biorad) equilibrated with the appropriate measuring buffer, was
used to remove undesired buffer contents and possible traces of free FAD. Standard
spectroscopic measurements were carried out in 50 mM potassium phosphate buffer pH
7.6 at 293 K. The enzyme concentration was based on the FAD content: ε456 wt TrxR = 11.3
mM-1cm-1 (Williams et al., 1967), ε448 TrxR C138S = 11.8 mM-1cm-1 (Mulrooney &
Williams, 1997). Preparation of TrxR C138S-PMA (ε455 = 12.3 mM-1cm-1) was
performed by adding 3-5 equivalents of PMA to the protein after gel chromatography
(Mulrooney & Williams, 1997). For time-resolved fluorescence measurements, excess
PMA was removed by gel filtration over a Biogel PGD-6 column. Wt TrxR was first
anaerobically reduced by adding 5 equivalents of NADPH. After subsequent reaction
with 3 equivalents of PMA for 15 minutes, the sample was reoxidized by air. Excess
PMA and NADPH were removed from the enzyme preparations by a second gel filtration
over a Biogel PGD-6 column. Samples containing glycerol were prepared by gently
mixing the eluted protein with fluorescent-grade glycerol. As PMA-treatment did not
induce changes in the absorbance spectrum of wt TrxR, the extinction coefficient of
PMA-treated wild-type enzyme was assumed to be ε456 TrxR wt-PMA = ε456 wt TrxR = 11.3
mM-1cm-1.
Steady-state spectroscopic measurements
Absorption spectra were obtained using a Hewlett-Packard 8453 UV-Vis diode-
array spectrophotometer with a resolution of 1 nm and an integration time of 0.5 sec.
Steady-state fluorescence emission spectra were recorded on a SPEX Fluorolog 3-2.2
spectrofluorimeter with a slit width corresponding to a spectral resolution of 2 nm for
both excitation and emission, and an integration time of 1 sec. The spectra were corrected
for the wavelength dependency of the setup. The samples had a maximum OD of 0.10 at
the wavelength of excitation (450 or 456 nm). CD-spectra were obtained using a Jasco
715 spectropolarimeter with a Jasco PTC 348 WI temperature controller. In the flavin
finger-print region (300-600 nm) 4 or 9 spectra with a resolution of 0.2 nm, a scan speed
of 50 nm/min and a response time of 1 sec were accumulated. In the far-UV region,
typically 9 or 16 spectra (resolution 0.1 nm, response time 1 sec, scan speed 20 nm/sec)
were averaged. Secondary structure determination was performed via ridge regression
analysis with the CONTIN programme based on a set of 16 protein structures
(Provencher & Glöckner, 1981). All steady-state spectroscopic measurements were
performed at 293 K and corrected for background contributions.
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Time-resolved fluorescence and fluorescence anisotropy measurements
Polarized time-resolved fluorescence experiments were carried out using the time-
correlated single-photon counting technique (TCSPC). The complete TCSPC setup as
well as the measurement procedures used were recently described in detail (van den Berg
et al., 1998; Visser et al., 1998). A mode-locked CW Nd:YLF laser was used for
synchronously pumping a cavity-dumped Stilbene 420 dye laser. The samples were
excited with vertically polarized light of 450 nm with an excitation frequency of 594 kHz
(duration 4 ps FWHM). Both parallel and perpendicularly polarized fluorescence was
detected through a 557.9 nm interference filter (Schott, Mainz, Germany, half-bandwidth
of 11.8 nm) in combination with a KV 520 cut-off filter (Schott). The data were collected
in a multichannel analyzer with a time window of 1024 channels at a typical 7.0
ps/channel. The dynamic instrumental response function of the setup is approximately 40
ps FWHM, which makes registration of 5-10 ps lifetime components realistic. The
instrumental response was obtained at the emission wavelength using erythrosine B in
water (τ = 80 ps at 293 K) as a reference compound (Bastiaens et al., 1992b). The
temperature of the samples was controlled using a liquid nitrogen flow setup with a
temperature controller (model ITC4, Oxford Instruments Inc., Oxford, UK).
Analysis of the fluorescence intensity decay I(t) and anisotropy decay r(t) was
performed using the software package from Maximum Entropy Solutions Ltd. (Ely, UK).
With the maximum entropy method, the fluorescence intensity and anisotropy decays are
described in terms of a continuous distribution of decay times, for which no a priori
knowledge of the system is required. A detailed description of the principles of MEM and
analysis of the polarized fluorescence data can be found elsewhere (Livesey & Brochon,
1987; Bastiaens et al., 1992b; Brochon, 1994; van den Berg et al., 1998). The lifetime
spectrum α(τ) is obtained from the total fluorescence I(t) via the inverse Laplace
transform:
∫ ∞ −= 0 /)(*)()( ττα τ detEtI t (1)
where E(t) is the instrumental response function. The lifetime spectrum recovered
consisted of 150 decay times equally spaced in log(τ) space between 1 ps and 10 ns. The
average fluorescence lifetime <τ> was calculated from the lifetime spectrum α(τ), where
N is the number of τi values of the α(τ) spectrum:
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∑
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Streak camera measurements
The protein sample (30 µM) was mounted in a rotating optical cell with a light
path of 3 mm. Measurements were performed at room temperature (298 K). Femtosecond
laser pulses were generated at a 100 kHz repetition rate using a titanium:sapphire-based
oscillator (Coherent MIRA), a regenerative amplifier (Coherent REGA), which pumped
an Optical Parametric Amplifier (Coherent OPA-9400), of which the 920 nm idler output
was frequency doubled to create excitation light at 460 nm. The protein samples were
excited with linearly polarized light with a wavelength of 460/462 nm, a pulse frequency
of 200/125 kHz and a pulse energy of ~5-10 nJ. The excitation light was put through a 15
cm focal length lens, resulting in a focus of 150 µm in the sample. The optical cell was
rotating with 300 rpm, to minimize protein damage by light accumulation effects. Flavin
fluorescence was collected using a Hamamatsu C5680 synchroscan streak camera with a
Chromex 250IS spectrograph with 8 nm resolution. Wild-type and C138S TrxR
fluorescence was detected at right angle to avoid contamination by scattered excitation
light. The streak images were recorded on a Hamamatsu C4880 CCD camera which was
cooled to 218 K. In order to optimise the accuracy of both short- and the long-lived
components, fluorescence data were recorded in two time windows of 200 ps and 2 ns,
respectively. The FWHM of the time response of the system was 3-3.5 ps at the 200 ps
time range and 15-20 ps at the 2 ns time range. The streak images were background
subtracted and corrected for difference in sensitivity in the time domain by division by a
streak image of a diffuse continuous white light source (shading correction). Wavelength-
dependent temporal shifts of the time-zero point on the CCD image caused by the light
collecting optics, the streak camera and the spectrograph were corrected using white light
pulses, for which the dispersion was calibrated using the optical Kerr signal in CS2
(Greene & Farrow, 1983). The corrected and averaged images were reduced to a matrix
of 950 points in time and 44 points in wavelength. Data of the 200 ps and 2 ns time
window were evaluated simultaneously in a global analysis fitting procedure (van
Stokkum et al., 1993), in which the data were deconvolved with the (Gaussian shaped)
instrument response. The width of this Gaussian was a free parameter of the fit (typically,
3 ps FWHM). All measurements were analyzed using a model with parallelly decaying
components, which yields Decay Associated Spectra (DAS).
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4.3 Results
Identification of the FO and FR conformation by ultrafast time-resolved fluorescence
spectroscopy
To explore the conformational dynamics of E. coli thioredoxin reductase, a series
of four different protein/inhibitor combinations was investigated. This set consisted of
wild-type (wt) TrxR, TrxR C138S, and both proteins complexed to the specific thiol
reagent PMA, yielding a phenylmercuric adduct on the (remaining) active-centre cysteine
residue. The choice of this combination was based on an earlier study (Mulrooney &
Williams, 1997), in which it was proposed that wt TrxR is mainly in the FR
conformation, whereas in TrxR C138S, the equilibrium is shifted towards the FO
conformation. PMA treatment would force the equilibrium to the FR conformer because
of steric limitations of the phenylmercuric adduct. According to this model, the time-
resolved fluorescence characteristics and the dynamic behaviour of both PMA-treated
proteins should be identical and should resemble those of wt TrxR, whereas TrxR C138S
is expected to display different features.
Despite the large difference in fluorescence quantum yield of wt TrxR and TrxR
C138S (fourteen-fold), the flavin fluorescence intensity decays of all four proteins
showed little difference when measured by (sub)nanosecond-resolved time-correlated
single-photon counting (Fig. 4.2A). Analysis of the fluorescence decay of wild-type
protein at 293 K yielded a fluorescence lifetime distribution containing two well-
separated components of ~0.4 ns and ~1.0 ns (Fig. 4.2B). These two lifetime components
were found to be predominant in the lifetime spectra of TrxR C138S and the PMA-
treated enzymes as well. The exact time constants of the components in the latter three
enzymes were slightly shorter than in wt TrxR (difference of ~0.02-0.05 ns and ~0.05-0.1
ns, respectively), whereas the relative amplitude of the longest lifetime was somewhat
smaller (Table 4.1). These slight differences are indicative of a minor change in structure
or dynamics of the microenvironment of the flavin. The lifetime spectra of both PMA-
treated enzymes were identical. Besides the above-mentioned two predominant
components, a short lifetime of ~100 ps was found to contribute to the fluorescence
decay. The lifetime pattern of TrxR C138S contained an ultrafast component in most
measurements. This component was analyzed to be of the order of 5 ps, which is on the
border of the detection limit of the TCSPC setup used.
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Figure 4.2: The experimental total fluorescence decay (A) and fluorescence lifetime
distributions (B) of wild-type TrxR, TrxR C138S, TrxR wt-PMA and TrxR C138S-
PMA in 50 mM potassium phosphate buffer pH 7.6, at 293 K. Experimental data
(grey) and fitted data (black) overlie very well and can not be distinguished clearly.
The experimental decay of the reference compound, erythrosine B (τ = 80 ps), is also
given. In the fluorescence lifetime spectra a vertical offset has been applied for
clarity. Because of the resolution limitations of the TCSPC setup used, the amplitude
and time constant of the ultrafast component in TrxR C138S could not be determined
accurately (see text).
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Table 4.1: Temperature dependence of the barycentres and fractional contributions of the
three longest fluorescence lifetime components of wt TrxR, TrxR C138S and the PMA-
complexes of both enzymes as measured with TCSPC.(1)
277 K 285 K 293 K 303 K 313 K 323 K
τ1 - - - 0.090 ± 0.02 0.090 ± 0.01 0.085 ± 0.01
α1 - - - 0.050 ± 0.01 0.12 ± 0.03 0.19 ± 0.04
τ2 0.55 ± 0.03 0.44 ± 0.01 0.42 ± 0.03 0.41 ± 0.02 0.39 ± 0.02 0.38 ± 0.01
α2 0.55 ± 0.05 0.52 ± 0.11 0.47 ± 0.06 0.49 ± 0.09 0.43 ± 0.09 0.41 ± 0.07
τ3 1.35 ± 0.05 1.15 ± 0.04 0.99 ± 0.05 0.93 ± 0.03 0.83 ± 0.02 0.79 ± 0.03
wt
α3 0.44 ± 0.05 0.48 ± 0.11 0.51 ± 0.07 0.46 ± 0.09 0.44 ± 0.09 0.37 ± 0.06
τuf ++ ++ ++ ++ ++ ++
αuf ++ ++ ++ ++ ++ ++
τ1 - 0.11 ± 0.04 0.094 ± 0.02 0.089 ± 0.01 0.097 ± 0.01 0.092 ± 0.01
α1 - 0.06 ± 0.05 0.09 ± 0.02 0.12 ± 0.03 0.17 ± 0.03 0.22 ± 0.03
τ2 0.40 ± 0.01 0.39 ± 0.01 0.39 ± 0.01 0.36 ± 0.04 0.36 ± 0.01 0.35 ± 0.01
α2 0.62 ± 0.03 0.60 ± 0.09 0.56 ± 0.09 0.55 ± 0.09 0.54 ± 0.09 0.51 ± 0.06
τ3 1.04 ± 0.04 0.97 ± 0.03 0.92 ± 0.03 0.83 ± 0.03 0.78 ± 0.03 0.73 ± 0.02
C138S
α3 0.36 ± 0.02 0.35 ± 0.06 0.32 ± 0.05 0.30 ± 0.06 0.26 ± 0.05 0.27 ± 0.04
τ1 - 0.089 ± 0.01 0.093 ± 0.01 0.090 ± 0.01 0.089 ± 0.01 0.089 ± 0.01
α1 - 0.09 ± 0.02 0.14 ± 0.03 0.21 ± 0.04 0.24 ± 0.03 0.29 ± 0.02
τ2 0.42 ± 0.02 0.42 ± 0.02 0.40 ± 0.02 0.40 ± 0.02 0.38 ± 0.02 0.37 ± 0.01
α2 0.57 ± 0.11 0.50 ± 0.07 0.48 ± 0.09 0.47 ± 0.08 0.42 ± 0.06 0.44 ± 0.04
τ3 1.03 ± 0.04 0.97 ± 0.03 0.90 ± 0.03 0.84 ± 0.03 0.78 ± 0.02 0.78 ± 0.03
wt-PMA
α3 0.44 ± 0.08 0.40 ± 0.06 0.39 ± 0.07 0.33 ± 0.06 0.30 ± 0.04 0.26 ± 0.02
τ1 - 0.11 ± 0.02 0.11 ± 0.01 0.088 ± 0.01 0.086 ± 0.01 0.091 ± 0.01
α1 - 0.04 ± 0.02 0.13 ± 0.02 0.22 ± 0.02 0.29 ± 0.05 0.34 ± 0.04
τ2 0.41 ± 0.01 0.39 ± 0.01 0.39 ± 0.02 0.37 ± 0.01 0.36 ± 0.01 0.36 ± 0.01
α2 0.65 ± 0.12 0.60 ± 0.11 0.54 ± 0.06 0.48 ± 0.05 0.44 ± 0.07 0.43 ± 0.05
τ3 1.00 ± 0.03 0.91 ± 0.03 0.87 ± 0.04 0.82 ± 0.03 0.77 ± 0.02 0.76 ± 0.04
C138S-PMA
α3 0.35 ± 0.06 0.41 ± 0.07 0.31 ± 0.05 0.28 ± 0.04 0.26 ± 0.04 0.21 ± 0.04
(1): In TSCPC measurements, the time constant and amplitude of the ultrafast component could not be
resolved accurately. The presence of this component in the lifetime spectra of TrxR C138S is
therefore depicted with ++. Amplitudes were normalized excluding the amplitude of the ultrafast
component. The lifetime spectra of wild-type TrxR revealed a component of 90 ps at temperatures
of 303 K and higher, while the spectra of the TrxR C138S and the PMA/enzyme complexes
revealed this component at temperatures from 285 K.
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Figure 4.3: Absorption spectra (A) and flavin fingerprint CD spectra (B) of 20 µM
wt TrxR, TrxR C138S, TrxR wt-PMA (ε456 estimated to be identical with wt TrxR)
and TrxR C138S-PMA in 50 mM potassium phosphate buffer pH 7.6, at 293 K. The
ellipticity is represented by θ.
The close resemblance of the fluorescence lifetime patterns of the four enzyme
forms was difficult to reconcile with the clear differences found in absorption
spectroscopy (Fig. 4.3A) and steady-state fluorescence intensity. CD spectra in the visible
light region, the so-called 'flavin fingerprint spectra', confirmed the dissimilarity in the
physical nature of the flavin microenvironment in TrxR C138S on the one hand, and
those in wt TrxR and the PMA-treated enzymes on the other (Fig. 4.3B). Close inspection
of the fitted fluorescence intensity decay of TrxR C138S revealed that the steep leading
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edge could not be fitted optimally with the lifetime component of  ~5 ps. In addition, the
amplitude of the ultrafast component as well as its precise time constant proved to be
highly dependent on the exact analysis parameters. These features may suggest an
extremely fast process on a (sub)picosecond time scale.
The possibility of such an ultrafast process was examined using subpicosecond-
and wavelength-resolved fluorescence spectroscopy via a streak camera setup. With this
method, the time resolution was increased up to 0.5-1 ps. The images, containing
fluorescence intensity information in one dimension and spectral information in the
second dimension, were analyzed through a global analysis procedure to yield the
minimal number of spectral and temporal components needed to describe the data. Time
traces of images of the proteins at 500 nm, showing both the experimental fluorescence
intensity in the first 200 ps (partly logarithmic scale), and the corresponding fits, are
presented in Figure 4.4. Now, the enzymes show a clearly different picture: for TrxR
C138S, the experimental time trace at 500 nm shows a predominant ultrafast decay,
which is completely absent in that of wt TrxR.
For wt TrxR, analysis of the data again yielded two lifetime components, with
time constants of 0.25 and 0.93 ns, matching closely the TCSPC data. The DAS of these
two lifetime components are identical and agree with the steady-state fluorescence
spectrum of wt TrxR (Fig. 4.5A). For TrxR C138S, however, more lifetime components
were needed to describe the fluorescence decay (Fig. 4.5B). Two ultrashort lifetimes of
1.2 ps and 7.3 ps determine the ultrafast fluorescence decay of the mutant enzyme with a
main contribution of the 1.2 ps component (74.9% and 8.1%, respectively). The two
long-lived components found correspond to those observed for wt TrxR, having identical
decay associated spectra and again, as in the TCSPC experiments, somewhat shorter time
constants (0.18 ns (contribution 5.5%) and 0.74 ns (11.6%), respectively). The DAS of
the ultrashort components, however, are ~8 nm blueshifted from these of the longer
components and the spectra found for wild-type enzyme. In this case, it is legitimate to
interpret the DAS as species-associated spectra: the ultrashort components are thus
related to a separate conformational state in which the flavin experiences a completely
different environment from the one in wild-type enzyme. Based on the resolved
amplitudes corresponding to the two enzyme species, 83% of the oxidized TrxR C138S is
found in the FO conformation. As the dominant lifetime component is still close to the
detection limit of the setup and any static fluorescence quenching occurring in the TrxR
C138S enzyme is not taken into account, this percentage is expected to be an
underestimation. (From a 14-fold difference in fluorescence quantum yield between wt
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TrxR and C138S, one would expect a population of FO conformers of ~90%, given the
lifetime constants and ratios of amplitudes resolved in the streak camera experiments.)
The structure of the FO conformation can well explain the ultrarapid processes
observed; in the crystal structure, the serine at 138 and the remaining active-site thiol at
position 135, which both act as quenching sites, are at Van der Waals distance of the
flavin or closely to it (see Discussion). A charge-transfer reaction, such as a hydrogen or
electron transfer from the thiol group, or a transient hydrogen bond between the hydroxyl
group of the serine and the N5 atom of the flavin is likely to be the origin of the ultrafast
processes observed. Wt TrxR in the FO conformation has the disulfide bridge juxtaposed
to the flavin instead of the above-mentioned quenching sites. Disulfide bridges, however,
have also been reported as fluorescence quenching sites (van den Berg et al., 1998, and
references therein). The absence of short fluorescence lifetime components for wild-type
TrxR is consistent with the idea that oxidized wild-type enzyme predominantly has the
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Figure  4.4: (Sub)picosecond streak camera data of wt TrxR and TrxR C138S in 50
mM potassium phosphate buffer pH 7.6, at 298 K. Experimental time trace at 500
nm (solid) together with fit (dashed) of wt TrxR (A) and TrxR C138S (B). Insets
show residuals. The time base from -20 to +20 ps (relative to the maximum of the
instrument response) is linear, and from 20 to 200 ps is logarithmic.
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FR conformation (Mulrooney & Williams, 1997). Although it could not clearly be
resolved, a small population of FO conformers (estimated between 1 and 5%) might be
hidden in the residual 16 ps lifetime component with an extremely low amplitude found
in the fits of the wild-type enzyme (Fig. 4.5A). Experiments with the PMA-treated
enzymes confirmed the interpretation of two conformational states: TrxR C138S-PMA
and TrxR wt-PMA gave identical results with similar decay-associated spectra and
lifetime components as found for wild-type enzyme except for a minor contribution of a
lifetime component near 0.05 ns. The ultrashort lifetime components found for TrxR
C138S were completely absent in both PMA-treated enzymes. From the ultrafast
Figure 4.5: Decay Associated Spectra of the individual lifetime components of wt
TrxR (A) and TrxR C138S (B). Vertical lines indicate plus or minus standard error
in amplitude. Different DAS are depicted by different line types. Key A: 16 ps
(solid), 0.25 ns (dotted), 0.93 ns (dashed), IRF follower (dot-dashed). Key B: 1.2 ps
(chain-dashed), 7.3 ps (solid), 0.18 ns (dotted), 0.74 ns (dashed), IRF follower (dot-
dashed). Raman scattering at ~555 nm is visible as a shoulder in the 1.2 ps DAS, and
as a peak in the IRF follower.
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fluorescence measurements, in combination with the other spectroscopic data presented,
it can therefore be concluded that the PMA-treated enzymes are indeed fully restricted to
the FR conformation.
Substrate analogue binding and the conformational state
In the previous section, it was shown that E. coli TrxR is locked in the FR
conformation by reaction with the thiol-specific reagent PMA. Binding of substrates and
substrate analogues may also shift the dynamic equilibrium and induce conformational
transitions. A suitable analogue for studying such an effect in TrxR is the oxidized
NADPH analogue AADP+, which binds to wild-type TrxR and the PMA-treated enzymes
(Mulrooney & Williams, 1997). In time-correlated single-photon counting experiments,
binding of the analogue resulted in an additional very short fluorescence lifetime
component of ~10-15 ps (Fig. 4.6). The contribution of the longest lifetime diminished,
whereas the contribution of the 100 ps component, which was observed in the PMA-
complexes but not previously in the free wt TrxR, was enlarged in all three enzymes.
Even under saturating conditions (millimolar concentrations of AADP+), all four
fluorescence lifetime components remained present. These findings confirm the existence
of multiple quenching sites that together determine the heterogeneous fluorescence decay
originating from a single conformational state (the multiple quenching sites model): by
binding AADP+ to the FR conformers, an additional quenching site is introduced near the
flavin, causing rapid fluorescence quenching. The phosphate moiety of AADP+ appears
to be essential for the binding of the NADPH analogue. On titration with millimolar
concentrations of the analogue 3-aminopyridine adenine dinucleotide (AAD+) which
lacks the phosphate moiety, no quenching of the flavin fluorescence was observed.
In contrast to wild-type enzyme, titration of the mutant enzyme TrxR C138S with
AADP+, did not lead to significant changes in the lifetime distribution. Because of the
nature of free TrxR C138S, in which fluorescence is already strongly quenched,
fluorescence quantum yields do not provide a very sensitive tool to observe AADP+-
binding to this mutant enzyme. However, from the distinctive lifetime component
introduced on AADP+-binding, a conformational transition resulting from binding of this
analogue should have been easy to detect. This supports the earlier conclusion that
AADP+ cannot induce the conformational transition from FO to FR (Mulrooney &
Williams, 1997).
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Probing the dynamic behaviour
The dynamic behaviour of the TrxR enzymes was examined from fluorescence
lifetime data as well as time-resolved anisotropy data. The temperature and viscosity-
dependencies of the lifetime spectra of the enzymes were determined in the range
between 277 K and 323 K, using glycerol or sucrose as a cosolvent. Fluorescence
anisotropy data were recorded to gain information on the mobility of the flavin cofactor
itself. Given the extremely short fluorescence lifetime of the FO conformer, the
anisotropy decay only provided information on the FR conformer. For all four enzymes,
only fluorescence depolarization resulting from overall protein tumbling occurred,
yielding a rotational correlation time of ~25 ns. The absence of any fast depolarizing
processes demonstrates that the flavin itself is rigidly bound; no mobility of the flavin
cofactor occurs on the nanosecond time scale.
The effect of temperature on the fluorescence lifetime distributions was studied in
the range between 277 K and 323 K by TCSPC and relative fluorescence quantum yield.
The ability to detect changes in the dynamic equilibrium was thereby limited to an
indirect approach, because the ultrafast component could not be well resolved. With
increasing temperatures, all fluorescence lifetimes shifted to somewhat shorter time
constants (Table 4.1). At low temperatures, the lifetime of ~100 ps did not appear in any
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Figure  4.6: Fluorescence lifetime distributions of wt TrxR, TrxR wt-PMA and
TrxR C138S-PMA complexed to 0.38 mM AADP+ in 50 mM potassium phosphate
buffer pH 7.6, at 293 K. For clarity, a vertical offset has been applied.
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of the lifetime spectra, whereas at high temperatures it was visible in all spectra,
including that of wt TrxR. This points more to a slight difference in dynamic behaviour
between wt TrxR and the other enzymes than to a static structural difference. By
comparing the lifetime spectra with the one of free FAD at 323 K, it could be concluded
that at this high temperature still no traces of free FAD appeared. Wt TrxR and both
PMA-treated enzymes, over the range from 277 K - 323 K, showed a gradual decrease in
relative fluorescence intensity of ~50%, which corresponds with the changes observed in
the lifetime spectra. For TrxR C138S, the fluorescence intensity did not alter significantly
in the range between 277 K and 293 K. From 293 K - 323 K, however, the enzyme
showed a gradual increase in fluorescence intensity of ~50%. This effect can only be
explained by a change in the conformational equilibrium towards the FR conformer.
Taking into account the decreasing fluorescence quantum yield of the other enzymes
corresponding to the shift in lifetime constants, the increase in FR conformers can be
estimated to be 100-150% (from 277 K to 323 K). Apparently the applied change in
kinetic energy alone is not sufficient to induce major changes in the dynamic equilibrium.
A pronounced effect on the equilibrium was found using glycerol as a cosolvent:
whereas the quantum yield of wt TrxR in 80% v/v glycerol was ~10% lower than in
Figure  4.7: Fluorescence spectra of 10 µM wt TrxR and TrxR C138S, as a function
of % (v/v) glycerol, 50 mM potassium phosphate buffer pH 7.6, at 293 K. The spectra
were corrected for the wavelength response of the setup.
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buffer without glycerol, the fluorescence of the TrxR C138S enzyme increased to a level
identical to that of wild-type enzyme in 80% glycerol (Fig. 4.7). The fluorescence
lifetime patterns of the enzymes were only slightly influenced by the high concentrations
of glycerol: for all enzymes, including TrxR C138S, the ratio of the amplitudes of the two
longest lifetime components (~0.35 and ~0.9 ns) gradually changed with increasing
glycerol concentration from 1:1 to 3:2 in favour of the shorter time constant. In addition,
for wt TrxR a shift of the longest component to a time constant identical to that of the
other enzymes was found. The glycerol effect on the fluorescence lifetime patterns
corresponds with the small gradual decrease in fluorescence quantum yield of wt TrxR
and the PMA-treated enzymes, but is in clear contradiction with the major increase in
fluorescence for TrxR C138S in a high concentration of glycerol. This indicates strongly
that glycerol can trigger the conformational change from the FO to FR conformation.
These findings were confirmed by light absorption spectra of TrxR C138S which clearly
changed from the characteristic FO spectrum (peaks at 380 nm and 456 nm) to the FR
spectrum (peaks at 368 nm and 448 nm) in high concentrations of glycerol (Fig. 4.8A).
At moderate levels of glycerol (up to 40%), no spectral changes occurred, and the
fluorescence intensity was comparable to that in pure buffer. In absorption as well as in
fluorescence, the behaviour of the PMA-treated enzymes was comparable to wild-type
enzyme in high concentrations of glycerol. When using sucrose as a cosolvent (up to 64%
w/w, yielding a similar viscosity as the 80% glycerol mixtures) only a minor effect on the
fluorescence intensity, and no effects on the absorption spectra and fluorescence lifetime
patterns were found.
CD experiments provided further support for the effect of glycerol on the
conformational equilibrium. Flavin fingerprint CD spectra in the visible region from 300
to 600 nm show a clear transition for C138S going from the FO spectrum in pure buffer
to the FR spectrum in high glycerol concentrations (Fig. 4.8B). The slight effect of 80%
glycerol on the photophysical properties of wt TrxR and the PMA-treated enzymes may
reflect a minor structural adjustment in the microenvironment of the flavin, but might
also be explained by the effect of the altered solvent composition on the photophysics of
the flavin itself; in the FR conformation, the flavin is to a large extent directly exposed to
the solvent. Far-UV CD spectra showed that glycerol does not affect the secondary
structure content of the TrxR enzymes: all four enzyme combinations have a virtually
identical far-UV CD-spectrum either with or without glycerol as a cosolvent (data not
shown). Therefore, it can be concluded that glycerol indeed triggers the domain rotation,
instead of just inducing a local conformational change.
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4.4 Discussion
E. coli TrxR is a beautiful example of nature’s ingenuity in using protein
dynamics to catalyze reactions with large substrates. The catalytic cycle in which
electrons flow from the substrate NADPH via the flavin cofactor and the disulfide bridge
to the protein substrate thioredoxin, requires a major domain rotation. Earlier results from
steady-state spectroscopic experiments and kinetic data on crosslinked protein/substrate
Figure 4.8: Absorption spectra (A) and flavin fingerprint CD spectra (B) of 17.5 µM
wt TrxR and TrxR C138S, as a function of % (v/v) glycerol, 50 mM potassium
phosphate buffer pH 7.6, at 293 K. The ellipticity is represented by θ.
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complexes strongly suggested the existence of two separate states with both involved in
catalysis (Lennon & Williams, 1995, 1996, 1997; Mulrooney & Williams, 1997; Veine et
al., 1998a,b; Wang et al. 1996). The crystal structure of the FR conformation recently
resolved for the TrxR/thioredoxin crosslinked complex (Lennon et al., 2000) clearly
shows the capacity of the protein to accommodate such large domain movements. Here
we were able to show the presence of both states of the free enzyme in solution and to
determine the specific photophysical characteristics of  the FO and FR conformations. To
directly detect the FO conformation and clearly distinguish between the two enzyme
species, advanced fluorescence equipment was required that allows accurate analysis of
states with fluorescence lifetimes in the (sub)picosecond range. The approach to use such
ultrarapid photophysical processes to characterize the conformational dynamics of
(flavo)proteins is quite new. Because of the limited time resolution of equipment
regularly used in biochemical studies on protein fluorescence, such ultrarapid effects are
either not resolved, or ignored because of measurement inaccuracy. As a consequence,
even in time-resolved fluorescence measurements it is possible that not all existing
conformational states that have different fluorescence characteristics, are observed.
Obviously, as steady-state fluorescence measurements mainly detect conformations with
a high fluorescence quantum yield, care has to be taken when interpreting these data. In
this study, it is evident that because of the large difference in fluorescence quantum yield
between the FO and FR conformation, measurements on time scales >100 ps are fully
determined by the fraction of enzyme molecules in the FR conformation (vide infra).
Recently, Mataga et al. (1998, 2000) have been the first to report on femtosecond
fluorescence quenching in flavoproteins. By means of fluorescence up-conversion they
were able to detect ultrarapid processes in the formerly so-called 'nonfluorescent'
flavoproteins riboflavin-binding protein and glucose oxidase, and the D-amino acid
oxidase/benzoate complex. Although the study presented here is one of the first to report
fluorescence quenching processes of the order of 1 ps, ultrarapid fluorescence quenching
of protein-bound flavins seems a rather common event. For E. coli glutathione reductase
and NADH peroxidase, we have shown earlier that a photoinduced electron-transfer
process from a juxtaposed tyrosine residue to the flavin causes rapid fluorescence
quenching, with lifetime components of the order of 5-15 ps (van den Berg et al., 1998;
Visser et al., 1998). Strong indications exist that a similar mechanism applies to many
other flavoproteins containing one or more tyrosine residues at Van der Waals distance of
the flavin (van den Berg & Visser, 2001). It should be emphasized that the observation of
(ultrashort) fluorescence lifetimes originates from dynamic quenching as opposed to
static quenching, which by definition originates from a ground-state complex. However,
Chapter 4
dynamic quenching should be interpreted in a broad sense; not only collisional
quenching, but also interactions such as electron or energy transfer that take place in the
excited state, fall within this category. Therefore, the observation made in the previous
study that fluorescence quenching in E. coli TrxR C138S has a static nature (Mulrooney
& Williams, 1997) is not completely correct, but results from a lack of time resolution in
these experiments.
Based on the rapidity of the process, we expect that flavin fluorescence quenching
in the FO conformer of TrxR C138S originates from a charge-transfer interaction with a
residue located at Van der Waals distance from the flavin, resulting in a nearly
instantaneous return to the ground state via a radiationless process. The only candidates
for such a rapid charge-transfer interaction in TrxR C138S are Ser138 and the thiol group
at position 135. These residues are only in close proximity of the electrophilic site of the
flavin (N5 and C4a atoms) in the FO conformation (Table 4.2). In the FR conformation,
these residues are shifted further away towards the side of the methyl groups of the
flavin, which appears less favourable for fluorescence quenching (vide infra). Earlier,
residue Ser138 has been proposed to be the predominant source of quenching (Mulrooney
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(able 4.2: Distances D between the isoalloxazine ring of E. coli TxrR and possible
uenching sites located within 10 Å, in the FO conformation and/or FR
onformation. The expected efficiency of quenching Qef is expressed in H (high),
 (moderate) and L (low).
FO conformation(1) FR conformation(2)
Res.-Atom Flavin D (Å) Qef. Flavin D (Å) Qef.
Ser/Cys138(1,#) C4a 2.5/3.1 H C7M --/10.2 L
er-OH, Cys-SG) N5 2.8/3.3 H
Cys/Ser135 Ring B 4.2-4.9/-- H C7M --/6.7 L(3)
Tyr118-OH C7M 3.5 M/L C8M 11.4 L
N5 8.4 M/L N5 16.8 L
Tyr023-OH O2 3.6 (4M(4) O2 3.2 M(4)
Trp52-CE3 O2 5.7 M O2 5.8 M
Cys303-SH O2 7.0 M O2 6.9 M
Phe142 O4 6.2 L C7M 16.4 L
Phe240 C7M 8.5 L C7M 10.3 L
istances were retrieved from the crystal structures of:102
1): E. coli TrxR and (#) TrxR C138S resolved at 2 Å resolution (Waksman et al., 1994).
2): E. coli TrxR C135S-Trx C35S crosslinked complex resolved at 3 Å resolution
(Lennon et al., 2000).
3): The hydroxyl/thiol group is directed away from the flavin ring.
4): The tyrosyl group is located beside the flavin.
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& Williams, 1997). According to the crystal structure this residue can form a hydrogen
bond with the N5 atom of the flavin. Such a hydrogen bond will not only stabilize the FO
conformation, but it will also provide a highly efficient pathway for photoinduced
hydrogen transfer or electron transfer to this electrophilic site of the flavin. However,
thiol groups are also known to be efficient fluorescence quenchers. An indication that
both Ser138 and Cys135 are involved in the process of quenching may be derived from
the presence of two ultrafast fluorescence lifetimes in the FO conformer. Based on the
distance to the flavin, a logical assumption would be that Ser138 is responsible for the 1.2
ps lifetime and Cys135 for the 7 ps component. The rate constants corresponding to these
fluorescence lifetimes (0.83 ps-1 and 0.14 ps-1) are in good agreement with the typical rate
constants for electron transfer found for a variety of biological and (semi)synthetic
systems with a donor-acceptor distance of 5 Å (1 ps-1 to 0.1 ps-1; Moser et al., 1992, and
references therein).
The idea that multiple fluorescence lifetimes can originate from various
quenching processes that occur in a single protein conformation, the so-called multiple
quenching sites model, was introduced by Bajzer and Prendergast (1993). By a
theoretical description, they showed that the multiexponential fluorescence decay of
several tryptophan-containing proteins can be explained by energy or electron transfer to
different acceptor sites in the protein. These different processes, which in principle do not
require any collisional interaction, all contribute to the de-excitation of the donor with a
certain probability, thereby giving rise to more than one fluorescence lifetime. Studies on
glutathione reductase and NADH peroxidase in which by site-directed mutagenesis
tyrosine and cysteine residues were replaced by aliphatic amino acid residues, have
shown that this model is indeed valid; distinct fluorescence lifetimes could be attributed
to quenching by a single amino acid residue (van den Berg et al., 1998; Visser et al.,
1998). In the present study, clear evidence of the validity of the multiple quenching sites
model is found in the lifetime patterns of wt TrxR and the PMA-treated enzymes
saturated with AADP+: binding of this nicotinamide cofactor analogue close to the flavin
ring introduced an additional fluorescence lifetime component without further affecting
the time constants of the protein (complexes) without AADP+.
The presence of two long-lived fluorescence lifetimes for the FR conformation
further supports this model. These lifetimes may result from interactions with quenching
sites located further away, or less well positioned for a charge-transfer interaction with
the flavin. In general, electron-rich amino acid residues such as tryptophans, tyrosines
and thiols can be efficient quenching sites. Despite its aromatic character, phenylalanine
appears to be a much less effective flavin fluorescence quencher (van den Berg et al.,
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1998). For intraprotein electron transfer, the rate of electron transfer has been shown to
decay exponentially with the distance R between the donor and acceptor (Marcus & Sutin
1985, and references therein). In general, proper orbital overlap between the donor and
acceptor favours charge transfer. For the orientation dependency of electron transfer,
however, no specific laws are available yet. Based on these general relations and
experimental evidence from various flavoenzymes, we can speculate on the efficiency of
flavin fluorescence quenching in E. coli TrxR for possible quenching sites in both the FO
and FR conformation (Table 4.2): the orientation of quenching sites towards the methyl
substituents and parallel to the xylene-like ring seems unfavourable. Highly efficient
quenching rather seems to occur on interaction with the π-system of the polar pyrimidine-
and pyrazine-like rings, especially near the electrophilic centre of the molecule located at
C4a and N5.
It should be stressed that the fluorescence lifetime distribution is only a
representation of the ensemble average of distinctly different fluorescent conformations.
In a dynamic equilibrium in which the enzyme shuttles between two (extreme)
conformations, intermediate states can only be detected by (conventional) fluorescence
methods, provided they have a significantly different fluorescence lifetime or correlation
time distribution, and that the lifetime of the intermediate state (and related to this the
amplitude) is sufficiently large. These preconditions limit the chance of detecting
intermediate states, especially when different sites contribute to fluorescence quenching
in a single conformation. Because of the asymmetrical distribution of the strong
quenching sites in the rotating domain (all close to the flavin in the FO conformation,
none in the FR conformation) the situation for detecting intermediate states is here
relatively favourable. The additional short lifetime emerging after PMA-treatment might
reflect the occurrence of such an intermediate state; it could, however, also originate from
subtle structural changes in the microenvironment of the flavin.
Environmental factors such as temperature and solvent composition are known to
have a pronounced effect on protein dynamics and may thus influence the conformational
equilibrium. Whereas in this study the effect of temperature appeared to be limited, the
importance of solvent composition is clearly demonstrated by the effect of glycerol: high
concentrations of glycerol clearly triggered the domain rotation from the FO to FR
conformation. Besides its function as a viscogen, glycerol is also known to affect the
hydration layer and volume of proteins (Timasheff et al., 1976; Gekko & Timasheff,
1981a,b; Timasheff, 1993; Priev et al., 1996) and to induce structural changes (Raibekas
& Massey, 1996; van den Berg et al., 1998). The mechanism by which glycerol triggers
the domain rotation in E. coli TrxR C138S should be sought in the effect on the interface
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between the FAD domain and NADPH domain; the hydration layer and in particular the
interactions that stabilize the FO conformation. Although in the FO conformation the
flavin ring is more shielded from the solvent, the interface region is fairly solvent
accessible (Waksman et al., 1994). It is possible that glycerol perturbs the interface
region, so that stabilizing interactions such as the hydrogen bond between Ser138 and the
flavin can no longer be formed. The FAD domain and NADPH domain were found to
have only two interdomain bonding interactions via hydrogen bonds, whereas five crystal
water molecules mediated interdomain interactions between charged and polar residues
on the interface (Waksman et al., 1994). In particular, the interdomain ion pair between
Glu48 and Arg130 which protrudes into solution, forms an excellent target for glycerol.
A recent study, in which these residues were mutagenized to cysteines to form a stable
crosslink with N,N,1,2-phenylenedimaleimide, indicated that this ion pair is indeed
important for stabilization of the FO conformation (Veine et al., 1998b). The present
study raises the question whether the cellular environment of the E. coli TrxR directly
influences the catalytic control of the enzyme.
Although as yet the cellular mechanism that triggers domain rotation in E. coli
thioredoxin reductase is still unknown, the approach of using ultrarapid fluorescence
techniques has shed new light on the conformational equilibrium and protein dynamics of
the enzyme. The study presented here proves the important additional value of
(sub)picosecond time-resolved and spectrally resolved fluorescence for detecting and
characterizing distinct protein conformations and for exploring the conformational space
of flavoenzymes.
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Conformational heterogeneity of the FAD cofactor in p-hydroxybenzoate
hydroxylase (PHBH) was investigated with time-resolved polarized flavin fluorescence.
For binary enzyme/substrate (analogue) complexes of wild-type PHBH and Y222
mutants, crystallographic studies have revealed two distinct enzyme conformations; the
'in' conformation with the isoalloxazine ring located in the active site, and the 'out'
conformation with the flavin ring disposed towards the surface of the protein.
Fluorescence lifetime analysis of these binary enzyme/substrate complexes revealed
similar lifetime distributions for the 'in' and 'out' conformations. The reason for this is
twofold. First, the active site of PHBH contains various potential fluorescence quenching
sites close to the flavin, as is reflected in the highly heterogeneous flavin fluorescence
decay with lifetime constants in the range from 10 ps to 3 ns. Fluorescence analysis of
uncomplexed PHBH Y222V and Y222A showed that Tyr222 is responsible for
picosecond fluorescence quenching occurring in a fraction of the free enzyme molecules.
In addition, other potential quenching sites among which a tryptophan and two tyrosines
involved in substrate binding, are located within 10 Å of the flavin. As in the 'in' and 'out'
conformations, the shortest distance between these quenching sites and the isoalloxazine
ring differs only little on average, they are likely to contribute to fluorescence quenching
in both conformations. Second, the effect of enzyme conformation on the fluorescence
lifetime distribution is blurred by binding of the aromatic substrates: saturation with
aromatic substrates induces highly efficient fluorescence quenching resulting in an
additional picosecond lifetime component largely dominating the lifetime spectrum. The
flavin conformation is therefore only reflected in the small relative contributions of the
longer lifetimes.
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5.1 Introduction
For most enzymes, conformational dynamics involves mobility of the polypeptide
chain. In previous Chapters of this thesis, flavoenzymes in which functionally important
motions entail either local conformational changes of the protein backbone (glutathione
reductase, Chapters 2 & 3) or gross motions of protein domains (thioredoxin reductase,
Chapter 4) have been subject of investigation. In enzymes that contain a prosthetic group
such as the flavoenzymes, mobility of the cofactor itself can in principle also play a role
in catalysis. A flavoenzyme for which mobility of the isoalloxazine ring of the flavin
cofactor has been shown to be essential for the biological function is p-hydroxybenzoate
hydroxylase (Schreuder et al., 1994; Gatti et al., 1994).
p-Hydroxybenzoate hydroxylase (PHBH) (EC 1.14.13.2) belongs to the class of
flavin-dependent monooxygenases (van Berkel & Müller, 1991). PHBH catalyses the
NADPH- and O2-dependent conversion of 4-hydroxybenzoate (p-OHB) into 3,4-
dihydroxybenzoate, a common intermediate step in the biodegradation of aromatic
compounds in soil bacteria, e.g. in the degradation pathway of lignin (Stanier & Ornston,
1973). PHBH is a homodimeric protein containing one molecule of FAD per subunit of
~45 kDa. The catalytic properties of the enzyme from Pseudomonas fluorescens and
Pseudomonas aeruginosa have been studied extensively with kinetic, spectroscopic and
mutagenesis methods (for an overview see, Entsch & van Berkel, 1995).
The reaction cycle of PHBH consists of a reductive half-reaction in which the
flavin is reduced by NADPH in the presence of bound substrate, and a complex oxidative
half-reaction leading to hydroxylation of the substrate (Fig. 5.1). In the reductive half-
reaction, efficient reduction of the flavin by NADPH requires a ternary complex in which
the substrate p-OHB acts as an effector that increases the rate of reduction by about five
orders of magnitude (Husain & Massey, 1979), irrespective of the actual order of binding.
The substrate specificity of PHBH is rather narrow and limited by the poor capacity of
substrate analogues to stimulate flavin reduction. Site-directed mutagenesis studies have
shown that deprotonation of the substrate phenol facilitates reduction (Entsch et al., 1991;
Eschrich et al., 1993; Palfey et al., 1999). After flavin reduction, NADP+ is released,
while p-OHB remains tightly bound (Entsch et al., 1976). In the oxidative half reaction,
molecular oxygen reacts with the reduced enzyme/substrate complex to form a flavin-
C4a-hydroperoxide intermediate. Subsequently, in an electrophilic substitution reaction
the distal oxygen of the hydroperoxide intermediate is transferred to the substrate
yielding the product 3,4-dihydroxybenzoate and a flavin-C4a-hydroxide species.
Elimination of water from the flavin-C4a-hydroxide and product release completes the
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catalytic cycle. NADPH oxidase activity is found in the absence of substrate, or in the
presence of nonsubstrate effectors, where the flavin-C4a-hydroperoxide intermediate
decomposes to yield hydrogen peroxide (Spector & Massey, 1972).
Since many years, detailed three-dimensional structural information on P.
fluorescens PHBH has been available from crystallographic studies of the oxidized and
reduced enzyme-substrate and enzyme/product complexes (Wierenga et al., 1979;
Schreuder et al., 1988, 1989, 1992). In the absence of substrate or in the presence of
NADPH, however, PHBH was long found to have poor diffraction properties (van der
Laan et al., 1989; Schreuder et al., 1991; Eppink et al., 1998a; Wang et al., 2002). The
high-resolution crystal structure of the enzyme revealed a specific folding pattern, which
was later also found for several other enzymes (Mattevi et al., 1998) including the
flavoproteins cholesterol oxidase (Vrielink et al., 1991), glucose oxidase (Hecht et al.,
1993), D-amino acid oxidase (Mattevi et al., 1996), and phenol hydroxylase (Enroth et
al., 1998). Although more recently a classification in two domains was proposed (Mattevi
et al., 1998), originally three separate domains were resolved: the FAD binding domain,
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Figure 5.1: Catalytic cycle of p-hydroxybenzoate hydroxylase. Rate constants
represent; k1, reduction of the enzyme-substrate (EFloxS) complex by NADPH; k2,
formation of flavin (C4a)-hydroperoxide with molecular oxygen; k3, substrate
hydoxylation; k4, dehydration of flavin (C4a)-hydroxide and product (3,4-
dihydroxybenzoate; Bz(OH)2) release, followed by substrate binding (p-OHB;
BzOH); k5, uncoupling of hydroxylation through peroxide release.
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the substrate binding domain, and the interface domain. Residues from all three domains
were found to be involved in the catalytic reaction. The FAD binding domain contains a
Rossmann fold, responsible for binding the adenosine diphosphate moiety of FAD.
Unlike many other flavoenzymes, the enzyme lacks a Rossmann fold for binding
NADPH. Kinetic studies on site-directed mutants have yielded detailed insight into the
amino acid residues involved in NADPH binding (Eppink et al., 1995, 1998a,b), and a
model for NADPH binding was proposed (Eppink et al., 1998a). From recent
crystallographic studies it has been suggested that NADPH binding in the
enzyme/substrate complex involves a remarkable conformation of the bound cofactor,
with the nicotinamide moiety pointing away from the flavin (Wang et al., 2002). Such
binding-mode would require major conformational rearrangements for flavin reduction,
most likely both from the flavin and nicotinamide cofactors, as from the polypeptide
chain (Wang et al., 2002). Crystallographic and site-directed mutagenesis studies have
yielded profound insight into the function of the active site residues. Binding of p-OHB
involves interactions of the carboxyl group with Arg214 (salt bridge, van Berkel et al.,
1992), Ser212 (hydrogen bonding, van Berkel et al., 1994a; Moran et al., 1999) and
Tyr222 (hydrogen bonding, Schreuder et al., 1994; Gatti et al., 1994; van der Bolt et al.,
1996). The hydroxyl group of the substrate is at hydrogen-bonding distance of Tyr201
and Tyr385. The latter residues have an important function in substrate activation by
facilitating substrate deprotonation, and in flavin reduction (Entsch et al., 1991; Eschrich
et al., 1993).
The most compelling structural characteristic of PHBH, however, is the mobility
of the isoalloxazine ring. In 1994, crystallographic studies revealed two distinct
conformations of the flavin cofactor (Fig. 5.2): complexes with the substrate p-OHB
showed the flavin ring buried in the active site of the enzyme ('in' conformation).
However, complexes with substrate analogues bearing a hydroxyl group at the 2-position
(2,4-dihydroxybenzoate, 2-hydroxy-4-aminobenzoate) revealed a conformation in which
the flavin ring is located in the cleft that leads to the active site, more towards the surface
of the protein ('out' conformation; Schreuder et al., 1994; see Table 5.1). This 'out'
conformation was also found for PHBH Y222F in complex with the natural substrate
(Gatti et al., 1994), and for the enzyme/substrate complex of wild-type PHBH
reconstituted with arabino FAD (van Berkel et al., 1994b). The observation of two
conformations of the flavin explained the distinct differences in flavin absorption
perturbation spectra of various binary enzyme/substrate analogue complexes. Spectral
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Figure 5.2: Stereoview of the active site of PHBH in the 'in' and 'out' conformations.
In wild-type PHBH complexed with p-OHB, the isoalloxazine ring occupies the 'in'
conformation (solid bonds; Schreuder et al., 1989). The 'out' conformation (open
bonds) is found in the complex with 2,4-dihydroxybenzoate (Schreuder et al., 1994),
and for several binary enzyme-substrate complexes with Y222 mutant enzymes
(Schreuder et al., 1994; Gatti et al., 1994,). An overview of the conformations of the
FAD as retrieved from different crystallographic studies is presented in Table 5.1.
Table 5.1: Overview of flavin conformations observed in crystals of uncomplexed PHBH,
and in different enzyme/substrate (analogue) complexes.
Enzyme Redox state Substrate analogue Conformation
PHBH ox -- (free enzyme) intermediate(1)
PHBH ox p-OHB in(2)
PHBH red p-OHB in(3)
PHBH ox p-aminobenzoate in(4)
PHBH ox 3,4-dihydroxybenzoate in(5)
PHBH ox 2,4-dihydroxybenzoate out(4)
PHBH ox 2-hydroxy-4-aminobenzoate out(4)
PHBH Y222F ox p-OHB out (70%)(6)
PHBH Y222A ox 2-hydroxy-4-aminobenzoate out(4)
(1) Eppink et al., 1999; (2) Schreuder et al., 1989; (3) Schreuder et al., 1992; (4) Schreuder et al., 1994;
(5) Schreuder et al., 1988; (6) Gatti et al., 1994.
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and kinetic data on the mutant enzymes PHBH Y222A and Y222V supported the role of
Tyr222 in flavin mobility (van der Bolt et al., 1996). Based on the crystallographic
studies, it was proposed that flavin mobility plays a prominent role in catalysis: the 'in'
position provides a suitable environment for efficient hydroxylation of the substrate
(shielded from the solvent), and the swinging 'out' of the flavin creates a pathway for
substrate binding and product release. The 'out' conformation is probably also necessary
for efficient flavin reduction (van Berkel et al., 1994b; Palfey et al., 1997, 1999; Eppink
et al., 1998a, 1999; Ortiz-Maldonado et al., 1999; Wang et al., 2002), although no
conclusive evidence for this has been presented yet. Recently, the crystal structure of
substrate-free PHBH was resolved (Eppink et al., 1999). In the absence of aromatic
ligands, the flavin ring has increased flexibility and is on average found at a position
intermediate between the 'in' and 'out' conformation.
In this Chapter, time-resolved flavin fluorescence studies are discussed that were
performed to obtain more insight into the mobility of the flavin in P. fluorescens PHBH.
Polarized fluorescence decay analyses were focussed on the different microenvironments
of the flavin in the 'in' and 'out' conformations. In order to sample different (known)
conformations, binary enzyme/substrate analogue complexes of both wild-type PHBH
and the mutant Y222V were studied in the oxidized state. The time-resolved fluorescence
data are discussed in relation to the mechanisms of fluorescence quenching as reported in
previous Chapters. The study exemplifies the limitations of time-resolved fluorescence
lifetime analysis, and of ensemble detection in general.
5.2 Materials and Methods
Sample preparation
p-Hydroxybenzoate hydroxylase from Pseudomonas fluorescens was isolated
from E. coli TG2 cells transformed with the expression plasmid pAW45 (van Berkel et
al., 1992). The microheterogeneity-resistant mutant PHBH C116S was used as pseudo-
wild-type enzyme in order to prevent protein aggregation resulting from the oxidation of
the cysteine at position 116 (van Berkel et al., 1987; Eschrich et al., 1990, 1993). Residue
Cys116 is located far away from the active site, and its mutation does not influence any
of the catalytic properties of the enzyme. Mutant genes encoding for PHBH Y222A and
Y222V were constructed by van der Bolt et al. (1996). All enzymes were purified
according to the method described by van Berkel et al. (1992), and stored in 80%
ammonium sulphate at 277 K. Directly prior to use, traces of free FAD were removed by
chromatography on a Biogel PGD-6 column (Biorad) equilibrated with measuring buffer.
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All spectroscopic measurements were carried out in 50 mM potassium phosphate buffer
pH 7.5 at 293 K. The enzyme concentration was kept at 10 µM with respect to FAD with
ε450 PHBH = 10.2 mM
-1cm-1 for wild-type PHBH (van Berkel et al., 1992) as well as for the
mutant enzymes (van der Bolt et al., 1996). Buffers were made from nanopure-grade
water (Millipore) and were filtered through a 0.22 µm filter (Millipore). All chemicals
used were of the highest purity available.
Time-resolved fluorescence experiments
Polarized time-correlated single-photon counting (TCSPC) was used to detect
polarized time-resolved fluorescence on a (sub)nanosecond time scale. The dye laser
setup and measurement procedures are described in detail in Chapter 2. Vertically
polarized light of 450 nm (Stilbene 420) or 460 nm (Coumarine) was used to excite the
sample with a frequency of 594 kHz and a duration of 4 ps FWHM. Parallel and
perpendicularly polarized fluorescence was detected through resp. 557.9 nm (for
excitation at 450 nm) or 526.0 nm (for excitation at 460 nm) interference filters (Schott,
Mainz, Germany) in combination with a KV 520 cut-off filter (Schott). Data were
collected in a multichannel analyzer with a time window of 1024 channels with channel
widths between 7-15 ps/channel.
Analysis of the fluorescence intensity decay I(t) and anisotropy decay r(t) was
performed using the software package from Maximum Entropy Solutions Ltd. (Ely,
United Kingdom), and the TRFA Data Processing package of the Scientific Software
Technologies Center of Belarusian State University, Belarus. With the maximum entropy
method, the fluorescence intensity and anisotropy decays are described in terms of
distributions of decay times, for which no a priori knowledge of the system is required
(Livesey & Brochon, 1987; Brochon, 1994). A detailed description of the analysis
procedures is provided in Chapters 2 and 3.
5.3 Results
Fluorescence quenching in PHBH
The experimental total flavin fluorescence decay of uncomplexed wild-type PHBH
exhibits a strongly heterogeneous character (Fig. 5.3). Although flavin fluorescence in
PHBH is strongly quenched, the quenching is considerably less than in E. coli GR
(QPHBH/QGR ≈ 15). Inverse Laplace transformation with the MEM analysis method
yielded for wild-type PHBH a lifetime spectrum with five distributions covering the
zzzzz
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dynamic range from ~10 ps to 3 ns (Fig. 5.4). Predominant lifetime components were
found near 15 ps, 0.1 ns, and 0.6 ns, and minor lifetime contributions near 1.5 and 3 ns.
Analysis with a sum of discrete exponentials confirmed the complex fluorescence
lifetime behaviour of PHBH (Table 5.2). Flavin fluorescence in the mutant enzymes
PHBH Y222V and Y222A was somewhat less quenched than in wild-type enzyme. For
analysis of the flavin fluorescence decays of the PHBH Y222 mutants, only four lifetime
components were needed. The lifetime constants of PHBH Y222V were nearly identical
to the longer components observed for wild-type enzyme. For PHBH Y222A, the
nanosecond component shifted to longer time constants and its relative amplitude
Figure 5.3: Experimental total fluorescence decays and corresponding theoretical
data retrieved from the multiexponential fits of wild-type PHBH, and PHBH Y222V
in 50 mM potassium phosphate buffer, pH 7.5, at 298 K, both free and in complex
with p-OHB and 2,4-dihydroxybenzoate. Experimental data (grey) and theoretical
data (black) overlay well. In order to clearly reveal the differences between the data,
only the initial part of the time window is shown.
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Table 5.2: Fluorescence lifetime parameters (τi, αi) of  PHBH and its Y222 mutants, free and
in complex with substrate analogues(1)
PHBH PHBH/p-OHB complex(2)
PHBH/2,4-dihydroxy-
benzoate complex(3)
τi αi τi αi τi αi
0.013 ± 0.007 0.40 ± 0.09 0.011 ± 0.002 0.84 ± 0.05 0.015 ± 0.005 0.83 ± 0.04
0.12 ± 0.03 0.27 ± 0.07 0.15 ± 0.07 0.09 ± 0.03 0.12 ± 0.05 0.13 ± 0.02
0.61 ± 0.05 0.24 ± 0.03 0.76 ± 0.10 0.04 ± 0.02 0.66 ± 0.12 0.03 ± 0.01
1.65 ± 0.06 0.07 ± 0.02 2.25 ± 0.11 0.03 ± 0.01 1.71 ± 0.24 0.01 ± 0.01
3.13 ± 0.07 0.02 ± 0.00 -- -- -- --
PHBH Y222V Y222V/p-OHB complex(4)
Y222V/2,4-dihydroxy-
benzoate complex(5)
τi αi τi αi τi αi
-- (6) -- 0.010 ± 0.003 0.73 ± 0.06 0.013 ± 0.005 0.75 ± 0.04
0.096 ± 0.010 0.34  ± 0.01 0.100 ± 0.010 0.15 ± 0.01 0.077 ± 0.010 0.21 ± 0.02
0.57 ± 0.01 0.48  ± 0.01 0.63 ± 0.03 0.07 ± 0.03 0.53 ± 0.07 0.03 ± 0.01
1.54 ± 0.01 0.15  ± 0.01 1.97 ± 0.14 0.04 ± 0.02 1.85 ± 0.17 0.01 ± 0.00
2.72 ± 0.13 0.03  ± 0.01 3.37 ± 0.16 0.01 ± 0.00 -- --
PHBH Y222A
τi αi
-- (6) --
0.094 ± 0.010 0.30 ± 0.02
0.67 ± 0.02 0.43 ± 0.01
2.28 ± 0.02 0.26 ± 0.02
4.95 ± 0.20 0.01 ± 0.01
(1): Presented are the fluorescence lifetime components (τi) and the corresponding fractional
contributions (αi) (including standard deviations) as obtained from the analysis of experiments
performed in 50 mM potassium phosphate buffer, pH 7.5, at 298 K.
(2): Saturation degree PHBH/p-OHB: 91%
(3): Saturation degree PHBH/2,4-dihydroxybenzoate: 91%
(4): Saturation degree PHBH Y222V/p-OHB: 84%
(5): Saturation degree PHBH Y222V/2,4-dihydroxybenzoate: 94%
(6): For the mutant enzymes PHBH Y222V and Y222A, a picosecond lifetime could not be resolved
unambiguously.
Chapter 5
116
increased. The picosecond lifetime component occurring in wild-type enzyme was not
clearly resolved for both tyrosine mutants: a picosecond lifetime with a low amplitude
could be introduced, but did only occasionally improve the quality of the fit. These
results suggest that interaction with the Tyr222 causes the picosecond flavin fluorescence
quenching process observed in wild-type enzyme. Fluorescence depolarization studies of
wild-type PHBH and the tyrosine mutants did not reveal flavin mobility on the
nanosecond time scale. The anisotropy decay was determined by rotational diffusion of
the enzyme.
Fluorescence lifetime patterns of binary enzyme/substrate complexes
In order to reveal possible specific fluorescence lifetime patterns for the 'in' and
'out' conformation of the FAD in PHBH, fluorescence lifetime analysis was performed on
binary enzyme/substrate complexes. For this, wild-type and Y222V PHBH were titrated
with both p-OHB and 2,4-dihydroxybenzoate. As substrate binding in PHBH is known to
depend on pH and solvent conditions (van Berkel & Müller, 1989), the dissociation
equilibrium constants of the substrate analogues were determined from steady-state
fluorescence quenching under the conditions used in time-resolved fluorescence analysis
(Table 5.3). Upon titration with the substrate analogues, the fluorescence lifetime spectra
of wild-type and Y222V PHBH showed gradual changes. The lifetime spectra at substrate
concentrations near saturation are presented in Figure 5.4. The most striking effect from
substrate binding is the emergence of an ultrashort fluorescence lifetime in all four
enzyme/substrate complexes. Under saturating conditions, this direct substrate quenching
dominates the lifetime patterns. Although in the titration experiments no full saturation
Table 5.3: Dissociation constants of complexes between PHBH (Y222V) and the
substrates p-OHB and 2,4-dihydroxybenzoate. Dissociation constants were
determined fluorimetrically in 50 mM potassium phosphate pH 7.5, at 298 K.
Values are compared with dissociation constants in 100 mM Tris/SO4, pH 8.0,
taken from van der Bolt et al., 1996.
Dissociation constant (mM)
Enzyme Ligand
pH 7.5, 50 mM KPi pH 8.0, 100 mM Tris/SO4
PHBH p-hydroxybenzoate 0.05 0.04
2,4-dihydroxybenzoate 0.10 0.09
PHBH Y222V p-hydroxybenzoate 1.7 1.1
2,4-dihydroxybenzoate 0.06 0.07
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was obtained, the sum of the amplitudes of the remaining longer lifetime components was
higher than can be expected from the saturation degree if in every complex, fluorescence
quenching occurs for 100% through ultrafast interaction with the bound substrate (Table
5.2). If it is assumed that this effect is due to a small chance that flavin fluorescence is
quenched through an interaction with other residues than the bound substrate, the longer
lifetimes may reflect the 'in' or 'out' conformation of the flavin (depending on the
enzyme-substrate combination used). All binary enzyme/substrate complexes studied,
however, display contributions of longer lifetime components with time constants not far
from the ones observed for the free enzymes (Table 5.2; Fig. 5.4). Yet, the amplitude of
the longer lifetimes seems to differ significantly for the specific combinations. Under the
above-mentioned assumption, the 'in' and 'out' conformations of the flavin may thus be
reflected in the ratios of the amplitude of the 0.1 ns component and that of the 0.6 ns (and
1.8 ns) component: for complexes with the flavin in the 'out' conformation (wt
PHBH/2,4-dihydroxybenzoate and PHBH Y222V/2,4-dihydroxy-benzoate), a relatively
larger contribution of the 0.1 ns component is observed, whereas in complexes in which
one may expect the 'in' conformation (wt PHBH/p-OHB), the amplitudes of the longer
lifetime components are somewhat more equal. We shall further address this issue in the
discussion section.
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+ p-OHB + p-OHBFigure 5.4: Normalized fluorescence lifetime distributions of wild-type PHBH (left)
and PHBH Y222V (right) uncomplexed and in complex with p-OHB and 2,4-
dihydroxybenzoate in 50 mM potassium phosphate buffer, pH 7.5, at 298 K. Binary
enzyme-substrate complexes were formed under (nearly) saturating conditions
resulting in percentage of complex: PHBH/p-OHB: 91%; PHBH/2,4-dihydroxy-
benzoate: 91%; PHBH Y222V/p-OHB: 84%; PHBH Y222V/2,4-dihydroxy-
benzoate: 94%. For clarity, a vertical offset has been applied.117
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5.4 Discussion
In contrast with glutathione reductase and thioredoxin reductase, PHBH has an
active-site region that can accommodate substantial movements of the flavin ring.
Crystallographic and kinetic data have suggested that in PHBH this flavin mobility is
essential for catalysis: whereas the flavin in the 'in' position provides a suitable
environment for efficient hydroxylation of the substrate (shielded from the solvent), the
swinging 'out' of the flavin creates a pathway for substrate binding and product release,
and facilitates efficient flavin reduction. Recently, it has been suggested that mobility of
the flavin ring also plays an important role in the catalysis of the related enzyme phenol
hydroxylase (Enroth et al., 1998). Optimal regulation of catalysis in these redox enzymes
requires strict regulation of the cofactor mobility. Specific (transient) interactions with
particular amino acids as well as interactions with the substrate can contribute to this
regulation. These interactions, however, also determine the photophysical characteristics
of the flavin fluorophore.
For substrate-free PHBH, this is shown in the fluorescence lifetime data of the
Tyr222 mutants. Here, we have demonstrated that this residue involved in controlling
flavin mobility, can efficiently quench flavin fluorescence. Both in the 'in' and 'out'
conformation Tyr222 is located within 4 Å from the isoalloxazine ring (Table 5.4). Based
Table 5.4: Shortest distance between various potential quenching sites and the
isoalloxazine ring of FAD in wild-type PHBH in the 'in' and 'out' conformations(1)
Residue Conformation Flavin atom    Å
Trp185-CZ3 in C6 5.1
out O4 5.2
Tyr201-OH in O4 6.7
out O2 8.1
Tyr222-OH in C6 3.9
out O4 3.3
Tyr385-OH in O4 6.9
out O2 8.7
(1): Distances were retrieved from the PHBH-p-OHB complex resolved at 1.9 Å resolution
for the 'in' conformation, and from the PHBH-2,4-dihydroxybenzoate complex resolved
at 2.5 Å resolution for the 'out' conformation (Schreuder et al., 1994).
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on the similarity in structure and fluorescence characteristics between PHBH and other
tyrosine-containing flavoproteins such as glutathione reductase (van den Berg et al.,
1998, Chapter 2), riboflavin-binding protein and glucose oxidase (Mataga et al., 1998,
2000; Zhong & Zewail, 2001), the mechanism of quenching most probably involves
photoinduced electron transfer from this particular tyrosine to the light-excited flavin (see
also van den Berg & Visser, 2001). The considerably lower amplitude of ultrafast
quenching of PHBH in comparison with the enzymes mentioned above may reflect the
increased freedom of the flavin cofactor: in the fraction of enzyme molecules in which
close contact exists between the properly oriented flavin and tyrosine at the moment of
excitation, ultrafast fluorescence quenching can occur. In the fraction of enzyme
molecules responsible for the longer fluorescence lifetime components, quenching occurs
through interactions with other residues, in a similar manner as observed for the PHBH
Y222 mutants (multiple quenching sites model; Bajzer & Prendergast, 1993; Chapter 2).
Based on the distance to the flavin, Trp185 as well as Tyr201 and Tyr385 (the latter two
are both involved in substrate binding) may also contribute to fluorescence quenching.
From comparison with fluorescence quenching characteristics of other flavoenzymes, a
position adjacent to the more polar parts of the isoalloxazine ring, particularly near the
electrophilic sites at N4 and C4a, is expected to result in more efficient fluorescence
quenching than location near the relatively apolar dimethylsubstituted ring (see
Discussion Chapter 4). For Tyr222, it can thus be speculated that not only the distance,
but also the relative position with respect to the flavin in the 'out' conformation is better
suited for efficient fluorescence quenching than in the 'in' conformation (Table 5.4). A
more favourable orientation for quenching in the 'out' conformation may also be the case
for Trp185. For Tyr201 and Tyr385, however, the distance to the flavin is somewhat
shorter in the 'in' conformation. On the whole, the quenching characteristics of the flavin
microenvironment do not drastically change from the 'in' to the 'out' conformation, so that
the above-mentioned sites may well contribute to fluorescence quenching in both
conformations, and no unique fluorescence lifetime pattern is observed.
For the isoalloxazine ring in the oxidized state, significant deviations from
planarity are not expected to occur, irrespective of the protonation state or hydrogen-
bonding environment of the flavin (Zheng & Ornstein, 1996). As this study is limited to
the oxidized state, distances and orientations should therefore not be influenced much by
mobility within the flavin ring. It should be kept in mind, however, that distances and
orientations were retrieved from crystal structures of enzyme/substrate complexes.
Though crystallographic studies of the free enzyme show the isoalloxazine ring in an
intermediate position (Eppink et al., 1999), it cannot be excluded that –in particular in the
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uncomplexed enzyme- the flavin ring adopts positions beyond the ones observed in the
enzyme/substrate complexes, reducing the latter to only 'intermediate' conformations. The
conformations in crystal structures should therefore be regarded as snapshots, of which
the observed extremes have been defined as 'in' and 'out'. Though fluorescence can
(simultaneously) sample all 'real' conformations in solution, experiments on flavin
systems are in general limited to the oxidized state due to the low intrinsic fluorescence
and complex photophysical and photochemical behaviour of the flavin in the two-electron
reduced state. Interpretation of fluorescence characteristics in terms of dynamics in
complex biological systems using two-electron reduced flavin is still a bridge too far.
This reduces the window of the reaction pathway of PHBH accessible with ensemble-
detected fluorescence spectroscopy to the very first step: substrate binding in the oxidized
state. From the point of view of dynamics, however, this step is particularly interesting as
it necessarily involves significant mobility of the flavin. In addition, other than a possible
bending of the isoalloxazine ring in the two-electron reduced state (Hall et al., 1987a;
Zheng & Ornstein, 1996), no indications exist that for completing the reaction cycle,
conformations are required that are not in between the 'in' and 'out' conformation
(including intermediate ones) as can be sampled in titration studies with different
substrate analogues.
Aromatic substrate binding most efficiently induced flavin fluorescence
quenching. As the substrates bind at Van der Waals distance of the redox-active flavin,
quenching may here also occur through photoinduced electron transfer. The quenching
effects of p-hydroxybenzoate derivatives on the fluorescence lifetime distribution of
PHBH also strengthen the multiple quenching sites model. Although saturation was not
fully reached, the sum of amplitudes of the remaining longer lifetime components was
higher than can be expected from the saturation degree (see Results section). It is
therefore likely, that in the complex there is still a small chance that flavin fluorescence
will be quenched through an interaction with an active-site residue. A less likely
explanation is that through insufficient time resolution, the amplitude of the ultrafast
component is underestimated and/or even faster fluorescence lifetimes were not resolved.
Although our experiments with a lower time resolution of 5-10 ps do not rule out such
effect, it does not explain the differences in amplitude of the resultant longer lifetimes
between complexes in the 'in' conformation and those expected to have the 'out'
conformation (see Results section). A good test model as to whether the relative
amplitudes of the resultant longer lifetimes indeed reflect the flavin conformation is the
PHBH Y222V/p-OHB complex, for which on the basis of absorption difference spectra
(van der Bolt et al., 1996) and similarity with mutant PHBH Y222F (Gatti et al., 1994), a
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predominant 'out' conformation is expected. Taking into account that the saturation
degree obtained for this complex is lower than for the other enzyme/substrate complexes
so that a larger contribution of the ligand-free enzyme (16%) shows up, a (partly) 'out'
conformation of the flavin can indeed be deduced. The lifetime spectrum of this complex
showed a ratio for the amplitudes of the 0.1 and 0.6 ns components of α0.1/α0.6 ≈ 2. As
the 0.6 ns component has the largest amplitude in the lifetime spectrum of free enzyme,
the lifetime spectrum of 100% complex should therefore contain a significantly larger
amplitude for the 0.1 ns component. It can thus be concluded that the relative
contributions of the longer lifetime components indeed correlate with the presence of the
flavin conformation. Because of the predominant fluorescence quenching by aromatic
substrates together with the combined geometrical and photophysical characteristics of
the active-site, lifetime detection is not a very sensitive method to probe the flavin
conformation in PHBH. (Sub)nanosecond resolved fluorescence anisotropy detection
failed to reveal direct mobility of the flavin cofactor. A likely explanation for this is that
flavin mobility (from the 'in' to a more 'out' conformation and vice versa) occurs on a
much slower time scale e.g. of the order of microseconds.
A serious complication for monitoring the conformation and mobility of the flavin
cofactor in PHBH with ensemble-detecting techniques in general, is that it is impossible
to obtain data (free from direct influence of the substrate) solely from one conformation:
as the flavin in the substrate-free PHBH is flexible (Eppink et al., 1999), ensemble data of
the substrate-free enzyme shall contain a mixture of 'in', 'out' and/or 'intermediate'
characteristics, dependent on the equilibrium conditions. Complex formation with a
substrate to trap the flavin in a single conformation is therefore a necessary but potential
risky method that may have direct impact on the interpretation of ensemble data of
PHBH. This may also apply to other techniques such as Raman spectroscopy (Zheng et
al., 1999). A way to overcome such complication is to monitor flavin mobility in a single
substrate-free PHBH molecule. By registering a sufficiently long time trace of a single
enzyme molecule, one expects to cover the conformational space of the flavin thereby
acquiring specific characteristics of each of the conformational states encountered.
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Molecular Dynamics (MD) simulations and polarized subnanosecond time-
resolved flavin fluorescence spectroscopy have been used to study the conformational
dynamics of the flavin adenine dinucleotide (FAD) cofactor in aqueous solution. FAD
displays a highly heterogeneous fluorescence intensity decay, resulting in lifetime
spectra with two major components: a dominant 7 ps contribution characteristic for
ultrafast fluorescence quenching, and a 2.7 ns contribution resulting from moderate
quenching. MD simulations were performed in both the ground state and the first excited
state. The simulations showed transitions from 'open' conformations to 'closed'
conformations, in which the flavin and adenine ring systems stack coplanarly. Stacking
generally occurred within the lifetime of the flavin excited state (4.7 ns in water), and
yielded a simulated fluorescence lifetime of the order of the nanosecond lifetime
experimentally observed. Hydrogen bonds in the ribityl-pyrophosphate-ribofuranosyl
chain connecting both ring systems form highly stable co-operative networks and
dominate the conformational transitions of the molecule. Fluorescence quenching in
FAD is mainly determined by the coplanar stacking of the flavin and adenine ring
systems, most likely through a mechanism of photoinduced electron transfer. Whereas in
stacked conformations fluorescence is quenched nearly instantaneously, open fluorescent
conformations can stack during the lifetime of the flavin excited state, resulting in
immediate fluorescence quenching upon stacking.
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6.1 Introduction
Flavoproteins are an interesting class of enzymes for studying the dynamic
behaviour of biomacromolecules. One reason for this is the large amount of detailed
information on both the catalytic mechanism and atomic structure that is available for
many members of this wide-spread family of redox enzymes. The feature which makes
these enzymes particularly suitable for investigating the role of conformational dynamics
in catalysis is, however, the flavin cofactor itself: this prosthetic group is not only the
redox-active group situated in the heart of the active site, but it is also a naturally
fluorescent group emitting green light. In the last decade, time-resolved fluorescence and
fluorescence anisotropy studies have yielded information on the dynamics of the active
site of a variety of flavoproteins (for an overview, see van den Berg & Visser, 2001; van
den Berg et al., 2001).
A complicating factor in studying the fluorescence properties of these enzymes is
the fact that in most flavoproteins the flavin cofactor is noncovalently bound. It is thus
possible to detect fluorescence from the free cofactor as well as from the protein-bound
one. In enzymes such as glutathione reductase (GR), lipoamide dehydrogenase, and
thioredoxin reductase (TrxR), the dissociation constant for the flavin cofactor is very low
(pM-nM range). For these enzymes, careful sample preparation is sufficient to avoid
traces of free flavin. However, in other flavoenzymes such as ferredoxin NADPH-
reductase (FNR) and p-hydroxybenzoate hydroxylase, the flavin is less tightly bound. In
these cases, the presence of free flavin has to be taken into account, especially when the
fluorescence quantum yield of the free flavin cofactor is high compared to that of the
protein-bound cofactor. For this, knowledge of the fluorescence properties of free flavin
cofactors under the experimental conditions used, is required.
For several decades, the physical properties of the isoalloxazine ring and the two
most common flavin cofactors, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD, Fig. 6.1) have been subject of investigation (for reviews on
electronic and structural properties of flavins, see Song, 1970;  Leijonmarck, 1977; Hall,
1987a,b; and references therein). The remarkably low fluorescence of FAD with respect
to free riboflavin was first reported by Weber (1950). An intramolecular ground-state
complex between the isoalloxazine ring and the adenine moiety was proposed to prevail
in aqueous solution, resulting in the formation of a nonfluorescent complex. In steady-
state fluorescence experiments, the fluorescence quantum yield of FAD was found to be
9 times lower than that of FMN. By enzymatic digestion of the diphosphate bridge of the
zzzzz
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Figure 6.1: Representation of the structures of FAD and FMN in the oxidized state,
including atomic labeling. Atom labels for the AMP moiety begin with an A when
referred to in the text. In the flavin moiety, the hydrophobic benzene-like ring is
indicated as ring A, the pyrimidine-like ring particularly suitable for hydrogen-
bonding interactions is indicated as ring C.
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FAD molecule, the fluorescence intensity increased to equal that of free FMN. From
these experiments it was proposed that FAD exists in two conformations; a so-called
'closed' conformation, in which the isoalloxazine and adenine rings interact through π-π
interactions in a stacked conformation resulting in very efficient fluorescence quenching,
and an extended, 'open' conformation that is responsible for the (remaining) fluorescence
of FAD. In solution, the FAD molecule is considered to be predominantly in the stacked
conformation. Under the assumption that the equilibrium of stacking and unstacking is
the same in the ground state and the first excited state, it can be reasoned that ~80% of
the FAD molecules are in the closed conformation and that the lifetime of the
intramolecular complex is 27 ns (Spencer & Weber, 1972). Dispersion forces are
considered to be the principle factor favouring flavin-adenine stacking. Strong acidic
conditions, nonpolar solvents, and even polar solvents such as formamide have been
reported to prevent complex formation in FAD (Penzer & Radda, 1967, and references
therein).
Although the existence of an 'open' and 'closed' conformation of the FAD
molecule is now generally accepted, little is known about the structural details and
conformational dynamics in solution. Crystallographic studies on the complex between
free riboflavin and the adenosine derivative 5-bromo-5-deoxyadenosine  (Voet & Rich,
1971a,b) revealed an average structure of the π-π stacked isoalloxazine and adenine ring
systems under crystal packing forces. In aqueous media, support for a stacked
conformation was obtained from ultraviolet resonance Raman spectroscopy, where both
chromophores showed Raman hypochromism (Copeland & Spiro, 1986). From NMR
studies, different models were proposed for the interaction between the flavin and
adenine moieties, including both intramolecular stacking (Sarma et al., 1968; Kotowycz
et al., 1969; Kainosho & Kyogoku, 1972), and parallel intramolecular hydrogen bonding
between the pyrimidine-like ring of the flavin involving N3 and O4, and the adenine
ANH2 and AN7 (Raszka & Kaplan, 1974). All NMR studies, however, were complicated
by the tendency of flavins to form intermolecular complexes at millimolar
concentrations.
Early time-resolved fluorescence measurements have provided a picture
consistent with the dynamic model proposed by Weber and co-workers. Decay analysis
of FMN revealed a fluorescence lifetime of 4.7 ns, whereas FAD yielded two lifetime
components of 2.8 ns (72%) and 0.3 ns (28%), respectively (Visser, 1984). In the last
decade, technical progress has provided a broader time window to sample the dynamics
of the excited state. Therefore, in this study, the flavin cofactors are re-examined using
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subnanosecond resolved time-correlated single-photon counting experiments.
Fluorescence lifetime properties, however, relate to the ensemble of molecules, and do
not yield information on the atomic level. For a proper understanding of the process of
stacking and the effect of dynamics on the lifetime of the excited state, a more detailed
picture is needed.
In this study, we have investigated the structural dynamics of FAD using a
combination of time-resolved fluorescence and MD simulations. Polarized
subnanosecond-resolved fluorescence experiments under various temperature and
solvent conditions yielded experimental data on the dynamic behaviour of the flavin
cofactor. Nanosecond molecular dynamics simulations in water gave insight into the
dynamic behaviour of the FAD molecule. Changes in the charge distribution were
applied to mimic the electronic effect of the transition from the ground state to the
excited state following light absorption and to investigate its effect on the dynamics of
the molecule. Special attention was given to the interrelation between the MD data and
fluorescence data in terms of fluorescence quenching and rotational behaviour.
6.2 Materials and Methods
6.2.1 Time-resolved fluorescence and fluorescence anisotropy measurements
Reagents and sample preparation
FAD and FMN of the highest purity available were purchased from Sigma. A
Biogel P2 column (Biorad) equilibrated with the appropriate measuring buffer, was used
prior to the fluorescence experiments to remove possible traces of degradation products
of FAD. Chromatography experiments with FMN using fluorescence detection showed
that FMN did not contain any fluorescent impurities. All measurements were carried out
in 50 mM potassium phosphate buffer pH 7.5, except for the control experiments
performed in D2O. Buffers were made from nanopure-grade water (Millipore) and were
filtered through a 0.22 µm filter (Millipore). The samples had a maximum OD of 0.10 at
the wavelength of excitation. Concentrations were calculated from the molar extinction
coefficient; resp. ε450 FAD = 11.3 mM
-1cm-1 and ε445 FMN = 12.5 mM
-1 m-1 (Whitby, 1953).
Fluorescent-grade glycerol was purchased from Merck. Sample preparations were
performed at 277 K in the dark.
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Subnanosecond-resolved  polarized fluorescence
Time-correlated single-photon counting (TCSPC) was used to detect polarized
time-resolved fluorescence on a (sub)nanosecond time scale. Details of both the setup
and measurement procedures are described elsewhere (van den Berg et al., 1998; Visser
et al., 1998), and only a short outline will be given below. A mode-locked CW Nd:YLF
laser was used to synchronously pump a cavity-dumped dye laser. Vertically polarized
light of 450 nm (Stilbene 420) or 460 nm (Coumarine) was used to excite the sample
with a frequency of 594 kHz and a duration of 4 ps FWHM. The excitation intensity was
adjusted to yield a detection frequency of 30 kHz in the parallel component. Parallel and
perpendicularly polarized fluorescence was detected through a 557.9 nm interference
filter (Schott, Mainz, Germany, half-bandwidth of 11.8 nm) in combination with a KV
520 cut-off filter (Schott). FMN data and regular FAD data were collected in a
multichannel analyzer with a time window of 1024 channels at typically 15-20
ps/channel. For a better determination of the ultrashort fluorescence lifetime of FAD, a
time window of 8000 channels at typically 3-4 ps/channel was used. The dynamic
instrumental response of the setup was obtained at the emission wavelength using
erythrosine B in water (τ = 80 ps at 293 K) as a reference compound (Vos et al., 1987).
This instrumental response function is approximately 40 ps FWHM, which makes
detection of 5-10 ps lifetime components realistic. The temperature of the samples was
controlled using a liquid nitrogen flow setup with a temperature controller (model ITC4,
Oxford Instruments Inc., Oxford, United Kingdom).
Analysis of the fluorescence intensity decay I(t) and anisotropy decay r(t) was
performed with a model of discrete exponentials using the 'TRFA Data Processing
package' of the Scientific Software Technologies Center of Belarusian State University,
Belarus. Global analysis of the total fluorescence decay was performed through linking
the fluorescence lifetime constants for multiple data sets, and global analysis of the
anisotropy decay was performed through linking the rotational correlation time constants
(Beechem, 1992). In addition, data were analyzed through the maximum entropy method
(software package from Maximum Entropy Solutions Ltd., Ely, United Kingdom), in
terms of distributions of decay times, for which no a priori knowledge of the system is
required (Brochon, 1994). The average fluorescence lifetime <τ> was calculated from
the lifetime spectrum α(τ) according to:
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〈τ 〉 =
αiτ i
i=1
N∑
α i
i=1
N
∑
(1)
where N is the number of τi values of the α(τ) spectrum. The relative fluorescence
quantum yield Q was determined from the TCSPC data as:
FMN
FAD
FMN
FAD
Q
Q
〉〈
〉〈
=
τ
τ (2)
A detailed description of the principles of the analysis of the polarized fluorescence data
can be found elsewhere (van den Berg et al., 1998; Visser et al., 1998; Digris et al. 1999;
and references therein).
6.2.2 Molecular dynamics simulations
Force field description of FAD
The MD simulations were performed with the GROMACS 2.0 software
(Berendsen et al., 1995). The parameter set for FAD was constructed from parameters
taken from the standard building blocks of the GROMOS96 force field for FMN and
ATP (van Gunsteren et al., 1996). Bond lengths, angles, and proper and improper
dihedral definitions and parameters from the FMN and ATP building blocks were used.
For the adenosine moiety and the ribityl chain (from C1* to C5*) partial charges were
taken from the GROMOS96 force field. Hydrogen atoms on the adenine and
isoalloxazine rings were defined explicitly (van der Spoel et al., 1996a). Improper
dihedrals were added to the bonds on N5 and N10 of flavin ring B (see Fig. 6.1), in
accordance with the planar structure observed in crystallographic data and molecular
geometry optimizations of flavin in the oxidized state (Zheng & Ornstein, 1996; Meyer
et al., 1996). Partial charges on the flavin ring in the ground state and the first excited
singlet state were derived from atomic charge densities ab initio molecular orbital
calculations in vacuo on isoalloxazine (Platenkamp et al., 1980), and semi-empirical
MINDO-3 calculations on lumiflavin (7,8,10-trimethylisoalloxazine) (Teitell et al., 1981;
Hall et al., 1987b) (see Table 6.1). The charge distribution in the first excited singlet
state is similar to that of the first excited triplet state (Teitell et al., 1981). Partial charges
for the pyrophosphate moiety were taken from ab initio molecular orbital calculations on
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Pi4 (H2P4O134-) as described in van der Spoel et al., 1996b. A full description of the force
field parameters, insofar not identical to the GROMOS96 standard building blocks for
FMN and ATP, is given in Table 6.1. A complete description of all force field
parameters used is available as appendix at the end of this Chapter.
Table 6.1:  Partial charges on the isoalloxazine ring of FAD in the ground state (S0) and
first excited singlet state (S1) and at other positions in FAD(1,2)
 A. Partial charges on the isoalloxazine ring in the ground state and first excited singlet state
Atom S0 S1 Atom S0 S1 Atom S0 S1
N1 -0.43 -0.31 C4a 0.06 0.09 C8 0.00 -0.02
C2 0.51 0.48 N5 -0.19 -0.24 C8M 0.00 0.00
O2 -0.45 -0.37 C5a 0.06 0.09 C9 -0.18 -0.17
N3 -0.35 -0.35 C6 -0.12 -0.14 H9 0.19 0.17
H3 0.35 0.35 H6 0.19 0.18 C9a 0.14 0.09
C4 0.43 0.40 C7 0.00 0.00 N10 -0.05 -0.07
O4 -0.43 -0.40 C7M 0.00 0.00 C10a 0.27 0.22
 B.  Partial charges on the pyrophosphate moiety and surrounding atoms
  Atom   Charge   Atom    Charge   Atom   Charge
  C5*     0.13   OP2    -1.00   AOP2    -1.00
  O5*   -0.52   OP1    -1.00   AO5*   -0.52
  P     1.85   AP      1.85   AC5*     0.13
  OP3    -0.92   AOP1    -1.00
C. Partial charges on the adenine ring
 Atom  Charge  Atom  Charge  Atom  Charge  Atom  Charge
 AC2   0.22  AHC2   0.14  AC8   0.22  AHC8   0.14
(1): Insofar as they are not identical to the GROMOS96 standard building blocks for FMN and ATP
(van Gunsteren et al., 1996).
(2): A full description of the force field parameters is provided as appendix at the end of this Chapter.
Starting structures, solvation and water equilibration
Starting structures for the unstacked conformation were taken from high-
resolution crystal structures of different flavoproteins that contain noncovalently bound
FAD. In E. coli glutathione reductase (GR) (Mittl & Schulz, 1994) and E. coli
thioredoxin reductase (TrxR) (Waksman et al., 1994), the flavin cofactor is bound in an
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almost completely extended conformation. However, in ferredoxin NADPH-
oxidoreductase (FNR) from the cyanobacterium Anabaena, the flavin cofactor is bound
in a distinctly bent conformation (Serre et al., 1996). The co-ordinates of the FAD in the
above-mentioned crystal structures of GR, TrxR, and FNR were taken to yield three
different extended starting structures (FAD-ext1, FAD-ext2, and FADext-3,
respectively). For the stacked conformation of FAD, starting structures were generated
from unrestrained MD simulations in vacuo of the extended conformation at 300 K using
a relative dielectric constant of 10 to mimic the charge-shielding effect of solvent. These
in vacuo simulations yielded stacked conformations of the FAD molecule within tens of
picoseconds. Two stacked conformations were selected (FAD-sta1, FAD-sta2), in which
the adenine moiety stacks on opposite sites of the flavin ring). Care was taken to select
frames in which the conformation of the stacked FAD was relatively far away from its
energy minimum. All five starting structures were solvated with the extended simple
point-charge water model (SPC/E, Berendsen et al., 1987), which provides good
correspondence with experimental data for the dynamic behaviour of water. A box size
of 4.5 nm was chosen to ensure that the minimum distance between the molecule and its
periodic images was larger than the cut-off used for the Lennard-Jones interactions (1.0
nm). Depending on the starting structure, the number of water molecules varied between
2407 and 2415. In the next step, energy minimization was carried out using a steepest
descents algorithm. Two Na+ ions were added to the system to compensate for the two
negative charges on the phosphate groups, by replacing the two water molecules with the
lowest electrostatic potential. The solvent was pre-equilibrated for 20-30 ps to yield a
pressure of 1 bar at 300 K, using weak coupling to both an external pressure and
temperature bath (Berendsen et al., 1984) with harmonic constraints on the atomic co-
ordinates of the FAD molecule. A cut-off of 1.0 nm for Lennard-Jones interactions and
short-range electrostatic interactions was applied. During neighbourlist updates, every 20
fs long-range electrostatics were calculated with a cut-off of 1.6 nm. After equilibration,
the length of the box edges was between 4.16 and 4.18 nm.
Simulations of the molecular dynamics of FAD in the ground state and the excited state
MD simulations were carried out starting from each of the 5 different starting
structures -three in an extended conformation, and two in a stacked conformation- with
ground state charges at 300 K. Lennard-Jones and short-range electrostatic interactions
were calculated using a cut-off of 1.0 nm. Long-range electrostatic interactions were
calculated during the neighbourlist update, every 20 fs using the particle-particle
particle-mesh approach (PPPM, Hockney & Eastwood, 1988; Luty & van Gunsteren,
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1996). A time step of 2 fs was used. After 200 ps, each of the simulations was forked. In
one fork, the charges on the isoalloxazine ring were reassigned to correspond to the first
excited singlet state (Table 6.1) to mimic the electronic effects of light absorption. In the
other fork, the ground state charges were maintained. A summary of the simulations
performed is presented in Table 6.2. An eleventh run (FAD-sta3) was generated using
the conformation of FAD from the ground-state MD run of starting structure FAD-
ext1S0 that had spontaneously stacked in water. In this simulation, the process of light
absorption was simulated by again applying excited-state charges, using the time frame
at 500 ps, where the molecule was in an equilibrated stacked state. To estimate the
relative free-energy difference between the open and closed conformations in the ground
and excited states, stable trajectories of several nanoseconds in which the molecule
remained in the open and closed conformation were required. To obtain more sampling
in the open conformation, three additional runs (FAD-ext4S0, FAD-ext4S1, FAD-
ext5S1) were performed starting from FAD-ext3S0 (200 ps frame), using different
starting velocities. Two additional simulations in the stacked conformation (FAD-sta4S0
and FAD-sta4S1) starting from trajectory FAD-sta3S1 (500 ps frame) were also
performed. Individual simulations were run for lengths from 2 to 8 ns, with a total
simulation time of approximately 65 ns. An overview of the characteristic parameters of
the runs is also presented in Table 6.2.
Analysis of the MD trajectories
Stacked conformations were defined as having an overlap of the atomic co-
ordinates of the isoalloxazine and adenine ring in the longitudinal and transverse
directions as seen from the plane of the isoalloxazine ring (Fig. 6.1), combined with a
maximal distance of 6 Å between the centers of mass of both ring systems perpendicular
to the flavin ring. Because the relation between the exact angle between both ring
systems and fluorescence quenching is still unclear, no angle criterion was used.
Distances between the isoalloxazine and adenine rings were calculated using the center
of mass of the ring systems.
To calculate the planarity of the flavin ring, the angle between the benzene-like
and pyrimidine-like rings of the isoalloxazine ring (rings A and C, respectively, in Fig.
6.1) was taken from the C8-C5a and C10a-N3 vectors. The angle between the
isoalloxazine ring and adenine ring was taken from the angle between the planes defined
by N5, C9a, and C10a from the flavin and AN1, AC2, and AC8 from the adenine,
respectively. The rotational correlation time of the isoalloxazine ring was calculated
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Table 6.2:   Overview of the molecular dynamics simulations of FAD in water
  Run   State   Starting structure Simulation time
FAD-ext1S0 S0 1gre (glutathione reductase)(1) 0.0 - 2.5 ns
FAD-ext1S1 S1 FAD-ext1S0 at 200 ps(3) 0.2 - 3.0 ns
FAD-ext2S0 S0 1tde (thioredoxin reductase)(1) 0.0 - 3.7 ns
FAD-ext2S1 S1 FAD-ext2S0 at 200 ps(3) 0.2 - 3.7 ns
FAD-ext3S0 S0 1que (ferredoxin NADP+ reductase)(1) 0.0 - 3.7 ns
FAD-ext3S1 S1 FAD-ext3S0 at 200 ps(3) 0.2 - 4.2 ns
FAD-ext4S0 S0 FAD-ext3S0 at 200 ps(4) 0.2 - 8.2 ns
FAD-ext4S1 S1 FAD-ext3S0 at 200 ps(4) 0.2 - 4.2 ns
FAD-ext5S1 S1 FAD-ext3S0 at 200 ps(4) 0.2 - 4.2 ns
FAD-sta1S0 S0 In vacuo stacked FAD-1(2) 0.0 - 2.5 ns
FAD-sta1S1 S1 FAD-sta1S0 at 200 ps(3) 0.2 - 2.5 ns
FAD-sta2S0 S0 In vacuo stacked FAD-2(2) 0.0 - 2.2 ns
FAD-sta2S1 S1 FAD-sta2S0 at 200 ps(3) 0.2  - 2.2 ns
FAD-sta3S1 S1 FAD-ext1S0 at 500 ps(5) 0.5  - 2.5 ns
FAD-sta4S0 S0 FAD-ext1S0 at 200 ps(4) 0.2  - 8.2 ns
FAD-sta4S1 S1 FAD-ext1S0 at 200 ps(4) 0.2  - 8.2 ns
(1): Atomic co-ordinates for FAD in the open conformation were extracted from the
high resolution crystal structures of three different flavoproteins. The relevant
Brookhaven Protein Data Bank entries are given.
(2): From in vacuo simulations of FAD, the atomic co-ordinates of two different
stacked conformations were selected and subsequently solvated and treated in the
same way as other starting structures.
(3): After 200 ps the electronic effect of light absorption was mimicked by
instantaneously adjusting the partial charges appropriate to the first excited singlet
state. All other parameters remained unaltered.
(4): Simulations were started from the time frame of the indicated trajectory, with
starting velocities differing from the original run. For FAD-ext4S0 and FAD-
ext4S1 identical starting velocities were used.
(5): An additional excited-state simulation on FAD that had stacked spontaneously in
water was performed using the 500 ps timeframe of run FAD-ext1S0. All other
parameters remained unaltered.
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using the vector C8-N3, which is very close to the direction of the emission dipole
moment (Bastiaens et al., 1992a).
Hydrogen bonds were determined using a simple distance and angle cut-off
criterion (donor-acceptor distance ≤0.35 nm and hydrogen-donor-acceptor angle ≤60°,
Kabsch & Sander, 1983). To refine the information on hydrogen-bonding, the
trajectories were analyzed for hydrogen bonds between the different regions of the FAD
(flavin ring, ribityl chain, phosphodiester bond, ribofuranosyl, and adenine parts)
separately. Cluster analysis of the ribityl-pyrophosphate-ribofuranosyl chain was
performed on the atomic positional root-mean-square differences (RMSD) of different
backbone conformations from the simulations. A cut-off for the RMSD of 0.1 nm was
used to determine neighbouring conformations. Cluster analysis was performed
according to the following procedure: for each conformation, the number of neighbours
is determined. The conformation with the largest number of neighbours is the central
structure of the first cluster, and all its neighbours are members of that cluster. These
conformations are removed from the pool of all conformations, and the procedure is
repeated to generate subsequent clusters until the pool is empty. A complete description
of this clustering algorithm is given by Daura et al. (1999).
The relative free-energy difference between the open and closed conformations
for the ground state and excited state ( 1/0/
SS
clopG∆∆ ) was calculated using a free-energy
perturbation approach (Mark, 1998) in the thermodynamic cycle:
Scheme 1
Because the open/closed equilibrium (corresponding to ∆Gop→cl,S0 and ∆Gop→cl,S1) is
computationally inaccessible, the free-energy differences are instead calculated from
perturbing the electronic state in the open and closed ensembles, respectively (∆GS0→S1,op
and ∆GS0→S1,cl) in a single step:
∆Gop→cl,S1
Open-S1    Closed-S1
∆GS0→S1,op          ∆GS0→S1,cl
Open-S0    Closed-S0
∆Gop→cl,S0
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                          clSSopSSSclopSclop
SS
clop GGGGG ,10,101,0,
1/0
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where ∆GS0→S1,op and ∆GS0→S1,cl are calculated from:
clS
RT
SESE
clSclSclSS eRTGGG
,0
01
,0,1,10 ln
−
−
→ −=−=∆ (4)
where 
clS ,0
...  denotes the average over the closed ensemble in the ground state (S0),
and ES0 and ES1 represent the energy of the conformations of the ensembles in the ground
and the excited states, respectively. A total of four simulations were performed, both in
open and closed states and in ground and excited states, and all were perturbed to the
opposite electronic state in an analogous manner. From these simulations, using Eqn. 4,
four free-energy differences were calculated (vis. ∆GS0→S1,cl, ∆GS0→S1,op, ∆GS1→S0,cl,
and ∆GS1→S0,op). ∆GS0→S1,cl and ∆GS1→S0,cl should converge to the same value, and
likewise ∆GS0→S1,op and ∆GS1→S0,op should converge. From these converged values, the
1/0
/
SS
clopG∆∆  can be calculated, and the measure of convergence is a measure of the
accuracy.
6.3 Results
6.3.1 Fluorescence dynamics of the flavin cofactor
Polarized subnanosecond-resolved TCSPC data of FAD reveal excited-state dynamics
over a wider time range than earlier studies performed at a lower time resolution (Visser,
1984). Whereas global analysis of the essentially nonquenched fluorescence decay of
FMN confirms a predominant lifetime component of 4.7 ns, global analysis of the
extraordinarily heterogeneous fluorescence decay of FAD in terms of discrete
exponentials yields a lifetime pattern with components covering the dynamic range from
picoseconds up to several nanoseconds (Table 6.3). A predominant lifetime component
was found to be of the order of 5-10 ps, which is close to the detection limit of the setup
used. This ultrafast fluorescence quenching is reflected in the steep leading edge of the
experimental fluorescence decay of the FAD samples (Fig. 6.2) rather than in a
separately visible fast decay due to convolution with the pulse (instrumental response of
~40 ps FWHM) and the slower ingrowth of fluorescence resulting from the nanosecond
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lifetime component (for similar phenomena in other systems, see van den Berg et al.,
1998, 2001; Visser et al., 1998). At 293 K, the ultrashort component (τ = 7 ps) was found
to have a contribution of  83%, while a component with a time constant of 2.7 ns had an
amplitude of 14%. In addition, a minor percentage of intermediate components (at 293
K: 0.5 ns (1%) and 0.1 ns (2%)) was needed for an optimal description of the excited-
state dynamics. Rigorous error analysis at the 67% confidence interval of the global
analysis results showed that the time constants of the minor intermediate components are
less well defined than those of the major components (Table 6.3).
Analysis in terms of fluorescence lifetime distributions with the MEM method
confirmed the general requirement of four lifetime constants and yielded identical
results. Calculation of the relative fluorescence quantum yield from the amplitudes and
time constants of the TCSPC data of FAD and FMN according to Eqn. 2 yielded QFAD =
10% of QFMN, showing rather good agreement with the value of 12% obtained from
steady-state fluorescence experiments (Weber, 1950).
Fluorescence anisotropy decay analysis revealed the overall tumbling motion of
the FAD and FMN molecules free in solution (Table 6.3). Increasing temperature
between 277 K and 313 K results in a shortening of the rotational correlation time of
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Figure 6.2: Experimental total fluorescence decays and corresponding theoretical
data retrieved from the multiexponential fits of  FAD (solid) and FMN (dashed) in
D2O, and FAD (dotted) in 50 mM potassium phosphate buffer with 80% glycerol,
pH 7.5 at 293 K. Experimental data (grey) and theoretical data (black) overlay very
well. To clearly reveal the differences between the data, only part of the normalized
fluorescence intensity decays and only the first part of the twelve ns time window
are shown.
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FAD corresponding with the concomitant change in solvent viscosity and kinetic energy
(compare 0.20 ns at 293 K versus 0.16 at 300 K).
In the fluorescence lifetime data, increasing temperature between 277 K and 313
K results in a shortening of the nanosecond decay time. From 293 K to 313 K a clear
decrease in the amplitude of the ultrashort lifetime is found in favour of the longer
lifetime components. This can be explained by a shift in equilibrium towards the open
conformation.
A larger shift towards an open, nonquenched conformation is obtained in 80%
glycerol (Fig. 6.2 and Table 6.3), which is consistent with earlier steady-state
spectroscopic studies showing that nonpolar solvents prevent stacking interactions
(Penzer & Radda, 1967, and references therein). Measurements of FAD in deuterium
oxide revealed only a slight shift of the longest fluorescence lifetime component towards
Table 6.3: Fluorescence lifetime parameters (τi, αi) and rotational correlation times (φ)
of FAD and FMN as a function of temperature and solvent composition(1,2)
Fluorescence lifetime parameters
 Sample Temp (K) Rot. cor. time φ (ns)
τi (ns) α i
0.008 (0.004-0.008) 0.78 ± 4%0
0.075 (0.072-0.081) 0.11 ± 11%
0.90 (0.83-1.1) 0.02 ± 15%
FAD 277 0.35  (0.32-0.37)
3.6 (3.3-3.8) 0.09 ± 39%
0.007 (0.002-0.009) 0.83 ± 3%0
0.10 (0.03-) 0.01 ± 15%
0.54 (0.37-) 0.02 ± 3%0
FAD 293 0.20  (0.18-0.23)
2.7 (2.6-3.1) 0.14 ± 7%0
0.008 (0.003-0.012) 0.72 ± 12%
0.086 (0.019-) 0.04 ± 63%
0.55 (0.25-) 0.03 ± 17%
FAD 300 0.16  (0.14-0.19)
2.4 (1.9-2.6) 0.20 ± 21%
0.010 (0.007-0.011) 0.60 ± 10%
0.072 (0.052-0.079) 0.12 ± 32%
1.2 (1.1-1.4) 0.13 ± 36%
2.2 (1.9-2.8) 0.12 ± 32%
FAD 313 0.11  (0.10-0.12)
5.1 (4.6-) 0.02 ± 65%
Chapter 6
138
Fluorescence lifetime parametersSample Temp
(K)
Rot. cor. time φ (ns)
τi (ns) α i
0.012 (0.006-) 00.12 ± 140%
0.13 (0.090-) 0.12 ± 16%
0.81 (0.69-1.0) 0.22 ± 44%
4.8 (2.9-5.1) 0.48 ± 17%
FAD in
80% glycerol
293 15.1  (14.3-15.8)
7.1 (5.3-) 0.06 ± 14%
0.005 (0.002-) 0.81 ± 4%0
0.049 (0.013-) 0.05 ± 6%0
0.44 (0.16-) 0.02 ± 7%0
3.1 (3.0-3.8) 0.11 ± 11%
FAD in D2O 293 0.24  (0.20-0.27)
6.4 (3.2-) 0.01 ± 9%0
        ≤ 0.004 (3)
0.38 (0.077-) 0.04 ± 17%
FMN in D2O 293 0.21  (0.18-0.24)
5.3 (5.3-5.4) 0.96 ± 7%0
1.5 (1.3-1.7) 0.12 ± 2%0FMN 293 0.18  (0.16 -0.20)
4.7 (4.7-4.8) 0.88 ± 1%0
(1): Standard experiments were performed in 50 mM potassium phosphate buffer at pH 7.5.
(2): Presented are time constants and fractional contributions (αi) of the fluorescence lifetime
components (τi) as obtained from global analysis of multiple experiments. The values in the
parentheses are obtained from a rigorous error analysis at the 67% confidence level as
described by Beechem (1992). For components with low amplitudes upper confidence
limits were not always found. For the fractional contributions αi, the standard deviation is
given.
(3):  Data suggested the possibility of a third fluorescence lifetime component of a few ps at the
border of the detection limit that could not be resolved clearly. This possible component
was not taken into account in the fractional contribution calculations.
longer time values, leaving the amplitudes virtually unaffected (Table 6.3). For FMN, a
similar effect on the predominant fluorescence lifetime was obtained. These results show
that deuterium oxide slightly influences the intrinsic fluorescence lifetime of the
isoalloxazine ring, and that significant involvement of hydrogen-bonding interactions in
the fluorescence quenching mechanism should not be expected. Fluorescence
depolarization analysis of FMN and FAD in deuterium oxide revealed slightly reduced
dynamics with respect to water (Table 6.3).
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6.3.2 MD simulations of the FAD cofactor and the process of light absorption
The process of stacking
To obtain more insight into the relation between the conformational dynamics of
the FAD cofactor in solution and the fluorescence characteristics, molecular dynamics
simulations were executed. For this study, five different starting structures were used,
three of which represent the FAD in an open conformation and two of which represent
the flavin and adenine rings in a stacked (or closed) conformation. The electronic effect
induced by light absorption was simulated by instantaneously adjusting the partial
charges on the atoms of the flavin ring. An overview of the simulations performed is
given in Table 6.2.
All MD trajectories, both in the ground state and the excited state, were analyzed
for the occurrence of flavin-adenine stacking (for the definition of stacking, see the
Materials and Methods section). The distance between the centers of mass of the flavin
and adenine ring systems was used to monitor the process of stacking and unstacking,
and to characterize the FAD conformations (Fig. 6.3). In one run, the FAD molecule
remained in the open conformation throughout the simulation (8 ns). In the other seven
runs started from 'open' conformations, the isoalloxazine and adenine rings became
stacked in the course of the simulation. Whereas in some cases a nearly instantaneous
collapse from a completely extended conformation to a highly stable stacked
conformation occurred (e.g., complete stacking within a few hundred ps in FAD-
ext1S0), other simulations were characterized by the presence of many different
intermediates, some of which were relatively long-lived (up to ~1 ns; e.g., FAD-ext2S1,
FAD-ext3S1). The simulations revealed that the process of stacking proceeds through the
adoption of a more compact but still open conformation in which the ribityl-
pyrophosphate-ribofuranosyl chain is bent. The time necessary to reach this
conformation appears to be dependent on the presence of particular intramolecular
hydrogen-bond networks. Subsequently, the isoalloxazine and adenine rings come into
contact.
The first intramolecular interactions observed between nonneighbouring parts
of the molecule involved, in most cases, the hydrophilic ring of the flavin (particularly
O2 and N3, Fig. 6.1) and the six-membered ring of the adenine. This interaction is
sometimes preceded by a contact between the flavin and the (hydroxyl groups of the)
sugar. An alternative pathway for stacking involves the disruption of a hydrogen-bond
network between the AMP-phosphate and the sugar. The adenine subsequently moves
close to the flavin via the ribityl chain (FAD-ext3S1). After the disruption of a second set
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Figure 6.3: Characteristics of the eight molecular dynamics simulations of FAD
starting from the open, extended conformation. Shown in light grey are the distances
between the centers of mass of the flavin and adenine rings are depicted. Vertical
dotted lines correspond to the snapshots shown in Figure 6.4. The distance plots
provide a good qualitative overview of the changes in molecular conformation
during the runs. Conformations with distances ≤6 Å were regarded as stacked, and
these with distances >6 Å as unstacked. Note the regular unstacking in run ext3S0,
and the absence of stacking in run ext4S0, which extends up to 8 ns (only the first 4
ns are shown). In dark grey, the number of hydrogen bonds between resp. the flavin
ring and ribityl chain, the ribityl chain and itself, the ribityl chain and the
pyrophosphate moiety, and the ribose moiety and the pyrophosphate moiety are
given for each of the trajectories (from the upper sub-panel downward). Note the
presence of hydrogen-bonding networks between the ribose and pyrophoshate
moieties, and between the ribityl chain and the pyrophosphate moiety in the
extended conformation in most of the trajectories. In the stacked conformations,
hydrogen bonds between the flavin and ribityl chain can occur (ext1S0, ext1S1,
ext4S1).
of hydrogen bonds (between the ribityl chain and the FMN-phosphate), the six-
membered ring of the adenine and the hydrophobic ring of the flavin (ring A in Fig. 6.1)
stack. It should be mentioned that different stacking routes result in different closed
conformations (see the next section).
Once the flavin and adenine moieties were in a stacked conformation with
considerable overlap of the ring systems, unstacking of the flavin and adenine rings
occurred only occasionally and was brief (generally a few ps to 50 ps at most). Hardly
any complete unstacking of the flavin and adenine rings was observed in molecules with
full stacking between the rings (FAD-ext1, FAD-sta1, FAD-sta2, FAD-sta3; for the runs
starting from stacked conformations, data are not shown), irrespective of the electronic
state of the flavin. The less overlap between the ring systems in the stacked state, the
easier was the unstacking. In the run FAD-ext3S0, a closed conformation with proper
stacking was hampered (Fig. 6.4). Here, unstacking of the rings lasting up to several
hundreds of picoseconds was more common. However, the FAD remained in a compact
state with the adenosine and ribityl moieties in contact. In none of the simulations,
'unfolding' of the molecule to a fully extended conformation was observed.
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Figure 6.4: Snapshots of stacked and open conformations observed in the molecular
dynamics simulations. Shown are from left to right: FAD-ext1S0 at 2.00 ns, FAD-
ext3S0 at 2.54 ns, FAD-ext3S1 at 1.49 ns, and FAD-ext4S0 at 1.3 ns. Hydrogen
bonds are indicated with light-grey lines. Of special interest are the extensive
hydrogen-bond networks involving the phosphate and sugar moieties. Note the strain
in the configuration of the phosphate groups.
To determine whether the process of light absorption influences the equilibrium
between the open and closed conformations of FAD, free-energy calculations were
performed to determine ∆∆G of the stacking transition in the ground state and in the
excited state using the thermodynamic cycle as depicted in scheme 1 and using eqn 3.
Free-energy calculations yielded similar time-averaged energy differences between the
stacked and unstacked conformation for the ground state and for the excited state, in
principle suggesting that in fluorescence the process of light absorption indeed does not
influence the conformational equilibrium (Fig. 6.5). From Figure 6.5 it can be seen that
the convergence between forward and backward perturbations is of the same size as the
resulting ∆∆G, indicating that, due to the long-lived conformational states, statistics are
the limiting factor in obtaining an accurate estimate for ∆∆G.
ext1S0 2 ns ext3S0 2.54 ns ext3S1 1.49 ns ext4S1 1.3 ns
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Figure 6.5: Cumulative average of the relative free energy of stacking in the ground
state and the excited state. For the stacked conformations, two additional runs
starting from the conformation stacked in water (starting with the frame at 500 ps
from trajectory FAD-ext3S0) were performed to yield 8 ns of data for both the
ground state and the excited state. For the open conformations, the 8 ns trajectory of
FAD-ext4S0 and an additional run in the excited state yielding 4.2 ns of open
conformations were used. Relative free energies for the ground state and the first
excited state were calculated using both charge distributions for the same trajectory.
For the stacking transition, no significant free-energy difference between the ground
state and the excited state was observed.
The conformational landscape: clusters of conformations
The range of conformations observed for the FAD molecule can be best described
by the relative positions and orientations of the flavin and adenine rings, and the
conformation of the connecting ribityl-pyrophosphate-ribofuranosyl backbone. This
information is summarized in Table 6.4. Note that the stacked starting structures
FAD-sta1 and FAD-sta2 were created in vacuo whereas the other stacked conformations
were produced in solution. It appears that in solution, the adenine ring can stack on either
side of the flavin and there is no preferred orientation of the ribityl-pyrophosphate-
ribofuranosyl backbone. In general, the isoalloxazine and adenine rings stack coplanarly.
In water, FAD tends to adopt a fully parallel stacked conformation similar to those
created in vacuo (average angle between the flavin and adenine planes of 12.5°). In
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several simulations, (intermediate) conformations were found in which the flavin and
adenine rings were slightly tilted (~30°, see Table 6.4), but still had substantial contact.
Occasionally, water molecules intercalated on one of the edges between the rings, and a
hydrogen-bonded water bridge was formed between the rings, resulting in decreased
coplanarity. Stacking also influenced the planarity of the flavin ring system. Whereas in
the open conformations an average angle of 15° was found between rings A and C of the
isoalloxazine (Fig. 6.1), this angle was slightly, but systematically, smaller in the stacked
conformations (13°, see Table 6.4). The largest deviations from planarity were found
during conformational transitions involving intramolecular interactions with the
isoalloxazine ring. After stacking, the flavin and adenine had some lateral freedom, but
were restricted by the conformation of the connecting chain. In general, this mobility
decreased with increasing overlap of the rings. The average position of the stacked ring
systems was not influenced by the changed charge distribution from the ground state to
the excited state. In many of the stacked conformations, a high strain occurred on one or
both of the phosphate groups, resulting in a significant deviation from the tetrahedral
configuration. This may be due to an overestimate of charge interactions in the force
field of the phosphodiester bridge, as these charge interactions are abundant in the
stacked conformation.
The conformations of the ribityl-pyrophosphate-ribofuranosyl backbone
connecting the flavin and adenine moieties were analyzed through the RMSD of the
atomic positions, and were grouped in clusters of highly similar conformations. From the
cluster analysis, it can be concluded that in runs from different starting structures,
different conformations of the backbone chain were sampled, and that only a few
transitions from one cluster to another occurred. Specific dihedral configurations of the
backbone chain stabilised by hydrogen bond networks, appear to have very long
lifetimes, thereby restricting the rings to certain conformations. Conversely, in the
stacked situation the strong interactions between the rings may restrict rearrangements of
the backbone chain. Surprisingly, the starting structures stacked in vacuo have backbone
conformations differing distinctly from the structures resulting from stacking in water.
This is also reflected in the relative positions of the stacked rings, as shown in Table 6.4.
Conformational fluctuations and mobility: hydrogen bonding, solvent interactions and
rotational correlation
An important conclusion from the MD simulations is that in solution the
backbone of the  FAD molecule behaves much more rigidly than we had expected. To
gain insight into the effect of hydrogen bonds between the different building blocks of
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 Table 6.4: Overview of parameters characterizing the dynamic behaviour and the stacked
conformations in the molecular dynamics simulations(1)
 Stacked conformations(3)  Average θ flavin(4)  Rot. cor. time (ps)Run Stacking
time (ns)(2) Position Chain Plane θ fla-ade  Open  Stacked Open  Stacked
FAD-ext1S0 0.26 C R Si 11.0 ± 6.5 16.0 ± 7.9 11.6 ± 6.4 -- 131.1
FAD-ext1S1 1.24 C/BC R Si 13.2 ± 8.2 18.2 ± 8.9 14.0 ± 8.4 116.9 146.6
FAD-ext2S0 1.86 C R Si 31.3 ± 18.3 15.5 ± 8.0 13.7 ± 7.5 149.5 194.6
FAD-ext2S1 1.87 C R Si 34.6 ± 9.4 13.8 ± 7.7 13.9 ± 7.3 131.1 234.7
FAD-ext3S0 0.62 A S Re 26.0 ± 14.8 13.9 ± 8.0 13.6 ± 7.5 115.5 144.1
FAD-ext3S1 3.28 B S Re 12.3 ± 8.5(5)
35.3 ± 13.7
14.4 ± 8.0 13.6 ± 7.5 118.6 146.2
FAD-ext4S0 >8.2 -- -- --       -- 14.9 ± 8.3      -- 121.9 --
FAD-ext4S1 2.63 BC S Si 30.3 ± 23.1 14.3 ± 8.2 17.3 ± 8.4 173.3 204.0
FAD-sta1S0 -- BC S Si 13.0 ± 8.2(5)
37.1 ± 11.4
      - 12.9 ± 7.1 -- 176.7
FAD-sta1S1 -- BC S Si 13.1 ± 7.5       -- 12.3 ± 6.2 -- 132.8
FAD-sta2S0 -- BC S Re 12.2 ± 7.2       -- 10.9 ± 6.0 -- 127.4
FAD-sta2S1 -- BC S Re 11.8 ± 7.0       -- 11.6 ± 6.5 -- 143.9
FAD-sta3S1 -- C R Si 13.0 ± 9.1       -- 12.0 ± 6.7 -- 116.3
(1): Parameters that could not be retrieved due to the absence (or limited existence) of a particular
conformation or transition are indicated by the sign --.
(2): Only the time interval for the first transition from an open to a stacked conformation is given.
Unstacking (rapidly) followed by restacking was observed regularly. FAD-ext3S0 and FAD-
ext1S1 (single event) showed long periods of unstacking (up to 250 ps). For further details see
Results and the Figures 6.3 and 6.4.
(3): The following characteristics of the stacked conformations are presented:
1. Average relative positions of the adenine and isoalloxazine rings. The ring(s) that is (are)
closest to the center of mass of the adenine is (are) given. The labels of the rings (A =
hydrophobic ring,  B = middle ring, C = hydrophilic ring) are clarified in Figure 6.1.
2. Direction in which the ribityl-pyrophosphate ribofuranosyl chain is twisted (going from the
flavin to the adenine) with R = clockwise, S = counterclockwise.
3. Side of the isoalloxazine plane on which the adenine stacks. Si = on the front, Re =  on
the back of the isoalloxazine ring as depicted in Figure 6.1.
4. Average angle θ between the adenine and flavin rings in the stacked conformation.
(4): Average angle θ between rings A and C of the isoalloxazine ring in the open and stacked
conformations.
(5): Clear transitions to conformations in which the flavin and adenine rings are slightly tilted
(angle of  ~35°) were found for  FAD-sta1S0 (1.2-2.4 ns) and FAD-ext3S1 (3.3-3.7 ns).
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FAD, the trajectories were analyzed in terms of the number of hydrogen bonds between
two separate regions of the molecule (flavin ring, ribityl chain, pyrophosphate,
ribofuranosyl, and adenine ring). The high density of hydrogen bonding-donors and
-acceptors in the chain provides an excellent framework for intramolecular hydrogen
bonding. Intramolecular hydrogen-bond networks between the sugar and the
phosphodiester bond appear to have a prominent effect on the lifetime of the open
conformation (Fig. 6.3). Hydrogen bonding between the ribityl chain and the
phosphodiester bond contributes to this as well. For this network, the number of
hydrogen bonds may even temporarily increase just before stacking, as upon bending of
the chain the distant phosphate comes within hydrogen-bonding distance of the ribityl
chain as well (e.g., ext3S1). Both the formation of hydrogen bonds and the concomitant
breaking of the hydrogen bonds appeared to be highly co-operative. Breaking up a co-
operative network involves a free-energy barrier that can lock the molecule into a
particular open conformation for long periods of time (up to hundreds of ps). The
interplay between the energetically favourable stacking of the ring systems on one hand,
and the co-operative hydrogen bond formation between the ribityl chain and the FMN-
phosphate on the other hand, resulted in frequent stacking, unstacking and restacking in
the same conformation (FAD-ext3S0).
In some stacked conformations, especially in FAD-ext1, a hydrogen bond was
formed between the hydroxyl group attached to C4* or C3* of the ribityl chain and N1
of the flavin. In the literature (Heelis, 1991), the interaction between a hydroxyl group of
the ribityl chain and N1 of the flavin was proposed to be involved in the intramolecular
photoreduction of the flavin, resulting in subsequent photodegradation. As a candidate
for this, the hydroxyl group of C2* of the ribityl chain was proposed. This hydrogen
bond was found in the MD simulations as well, but only on rare occasions.
In all MD runs, one Na+ ion was either initially positioned at 2 Å from the ester
oxygen of the phosphodiester bond, or it migrated to this position during the run
(between 0.1 and 2 ns). Sometimes, the second Na+ ion moved towards this position as
well. No interactions between Na+ ions and the flavin ring were found.
The rotational mobility of the FAD molecules was analyzed through a second-
order Legendre polynomial of the autocorrelation function pertaining to the rotational
orientation of the flavin ring. For this analysis, the N3-C8 axis, whose direction is very
close to that of the emission dipole moment (Bastiaens et al., 1992a), was used. The
rotational correlation time of the flavin was 149 ± 33 ps. A small difference was found
between the rotational correlation time of the flavin in the stacked and the unstacked
parts of the simulations. Analysis of the trajectories in which only the stacked
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conformations were taken into account resulted in a rotational correlation time of 162 ±
35 ps, whereas for the unstacked conformations a time constant of 132 ± 22 ps was
found. In every single run in which the molecule was in both an unstacked and a stacked
conformation for a considerable period of time, the rotational correlation time for the
unstacked situation was significantly smaller than that for the stacked (Table 6.4). This
may be explained by additional mobility of the isoalloxazine ring in the plane
perpendicular to the ribityl-pyrophosphate-ribofuranosyl backbone. As in time-resolved
fluorescence experiments the signal of the anisotropy decay is fully carried by the
nanosecond lifetime component stemming from the open conformations, comparisons
between the rotational correlation times obtained from experiment and simulations
should regard the unstacked conformations. Given the limited statistics of  the unstacked
conformations, these values are in good agreement (from simulations 132 ± 22 ps; from
experiment 160 ps at 300 K; Tables 6.3 and 6.4).
6.4 Discussion
In this study we have demonstrated the combined use of molecular dynamics
simulations and subnanosecond-resolved fluorescence spectroscopy to obtain more
detailed insight into the dynamic structure of complex fluorophores such as the flavin
adenine dinucleotide cofactor. Polarized fluorescence experiments with high time
resolution yield a broad picture of the dynamic landscape for the ensemble of molecules
in solution, whereas MD simulations provide a detailed view of the underlying molecular
structures and possible transition pathways. The limitation, however, is whether it is
possible to run simulations long enough to sufficiently sample the conformational space.
The molecular dynamics simulations confirm that the FAD molecule in aqueous
solution is predominantly in a compact conformation in which the flavin and adenine
moieties are stacked. Although unstacking of the flavin and adenine ring systems occurs,
the molecule is mainly in a conformation in which the flavin and adenine rings can have
(large) π-π overlap, occasionally alternated by conformations in which the ring systems
interact via direct or water-mediated hydrogen bonds.
These simulations suggest against several potential mechanisms for ultrarapid
fluorescence quenching in FAD. Although sampling of the open/closed equilibrium was
far from complete in our simulations, extensive sampling of the closed state yielded
reasonable statistics on the propensity of hydrogen bond formation in the closed state. In
the MD simulations, interactions between the flavin N5 and the amino group of the
adenine ring were observed only rarely, and were mostly bridged through a water
molecule. A perpendicular orientation of the flavin and the adenine in which the lone
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electron pair of N5 could interact with the π-system of the adenine was not found at all.
It is therefore improbable that a quenching mechanism based upon these interactions
gives rise to the predominant picosecond fluorescence lifetime component observed.
Likewise, a quenching mechanism involving hydrogen bonding between the adenine and
the 2-keto function of the flavin, as proposed by Tsibris et al. (1965), is also unlikely on
the basis of the virtual absence of such interactions in the simulations. Fluorescence
experiments in deuterium oxide did not give any evidence for the involvement of
hydrogen bonds in fluorescence quenching either. In addition, the absence of substantial
hydrogen bonding between the flavin and adenine moieties renders a significant
population of molecules with parallel intramolecular hydrogen bonding between the
flavin and adenine, as proposed by Raszka and Kaplan (1974) for the unstacked state,
highly unlikely.
The stacked conformation of the flavin and adenine rings observed in the MD
simulations, however, can well explain the ultrarapid fluorescence quenching in FAD.
The MD simulations reveal a large overlap of the coplanar flavin and adenine ring
systems indicating large π-π overlap. The interactions between the adenine and
isoalloxazine rings may yield additional de-excitation routes through internal conversion.
Most likely, however, the mechanism of flavin fluorescence quenching involves a
photoinduced charge-transfer interaction between the adenine (donor) and flavin
(acceptor). Photoinduced electron (or hydrogen) transfer from electron-rich donors to the
isoalloxazine is a well-known property of flavins (Karen et al., 1983 & 1987; van den
Berg et al., 1998; Zhong & Zewail, 2001). In flavoproteins that contain a tyrosine or
tryptophan residue adjacent to the flavin, photoinduced electron transfer to the flavin has
been shown to result in highly efficient flavin fluorescence quenching with time
constants in the picosecond and subpicosecond ranges (van den Berg et al., 1998; Visser
et al., 1998; Mataga et al., 1998, 2000; Zhong & Zewail, 2001). Although classical
charge-transfer interactions between flavin and purines have been reported not to
contribute significantly in the ground state, photoinduced electron transfer should be
considered for ultrafast excited-state quenching in the complex. For photoinduced
electron transfer, the relation between the free energy of the reaction, the reorganisation
energy and the distance between the donor and acceptor is expressed in the Rehm-Weller
equation (Rehm & Weller, 1970; Marcus & Sutin, 1985). On the basis of the redox
potentials for adenine reported by Seidel et al. (1996) (~1.5 V at pH 7.5), and FMN (-
0.24 V, Draper & Ingraham, 1968), photoinduced electron transfer is likely to occur at
the wavelength of excitation (energy for the S0→S1 transition (π-π* character) at 450 nm
is 2.76 eV). In general, typical rate constants for electron transfer derived from a variety
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of biological and (semi)synthetical systems are of the order of 1 ps-1 to 0.1 ps-1 for
donor-acceptor distances of 5 Å, whereas distances of 10 Å generally result in rates
between 10 ns-1 and 1 ns-1 (Moser et al., 1992). The picosecond fluorescence quenching
observed for FAD corresponds to a rate constant of ~0.15 ps-1 which lies in the expected
time range for electron transfer. Because the time constant is close to the detection limit
of the TCSPC setup used, the rate constant for quenching might be somewhat
underestimated. Recently, femtosecond fluorescence quenching was observed in the
flavoproteins riboflavin-binding protein (Mataga et al., 2000; Zhong and Zewail, 2001)
and the D-amino acid oxidase/benzoate complex (Mataga et al., 2000), which contain a
(coplanarly) stacked complex between the isoalloxazine ring and an aromatic ring (trp
and tyr, and benzoate, respectively). Such ultrafast processes would fall beyond the
detection limit of our experimental setup. The oxidation potentials of tryptophan and
tyrosine, however, are somewhat lower than that of adenine, thus accelerating an
electron-transfer reaction. Recently reported transient absorption spectra of FAD
(Stanley & MacFarlane, 2000) revealed a time constant for excited-state quenching of ~4
ps, which is in close agreement with the results presented here. Although the study on
the transient absorption of FMN and FAD in water and formamide definitely confirmed
the rapid excited-state quenching of flavin/purine complexes in aqueous solution, the
molecular mechanism of quenching was not discussed.
Besides the picosecond fluorescence lifetime component discussed above, the
fluorescence lifetime patterns of FAD contained a nanosecond component and minor but
definite contributions of intermediate time constants (100 ps1 ns). In an extreme model
considering each component of the lifetime spectrum as a separate conformational state
with a conformational lifetime longer than the fluorescence lifetime of that particular
state ('conformational substates' model), these could be interpreted as separate
conformations of the FAD molecule with a (very) small, but significant population. In
the simulations, however, we observed the FAD molecule to experience conformational
transitions during the lifetime of the excited state, on time scales ranging from several
tens of picoseconds to nanoseconds. In such a dynamic environment, the amplitude of a
particular fluorescence lifetime observed, reflects the total number of dynamic processes
for all conformations encountered that lead to fluorescence quenching with that
particular time constant. In this situation, a direct link between the amplitudes of
fluorescence lifetime components and the population of certain conformational states
cannot be made.
On the basis of the fluorescence characteristics of FMN together with the MD
simulations, however, we believe that for FAD in the stacked conformation only, the
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flavin fluorescence will be quenched immediately. When the picosecond fluorescence
lifetime constants of FAD represents the 'closed' conformation, and the other lifetimes
the (various) 'open' conformations of the molecule, one can obtain estimates of the
populations. Under the assumptions that only the observed ultrafast component reflects
the stacked conformation, and that the equilibrium constant for the excited state is
identical to that for the ground state (which seems reasonable from the calculations of the
free-energy differences for the stacking equilibrium in the ground state and the excited
state) the population of FAD molecules in the open conformations, as calculated from
the weight of the amplitudes from the TCSPC data, is ~17% at 293 K.
The open, unstacked conformations of FAD are responsible for the significant 2.7
ns fluorescence lifetime component. The MD simulations have shown that the FAD
molecule can exist in an extended conformation for considerable periods of time, which
are longer than the intrinsic fluorescence lifetime of the flavin. However, if a
considerable number of FAD molecules remain in an extended open conformation with
no intramolecular interactions between the flavin and adenosine moieties during the
lifetime of the excited state, a nanosecond fluorescence lifetime constant identical to that
of FMN (4.7 ns) would be expected. An explanation for the 2.7 ns lifetime component of
FAD that cannot be fully excluded is the existence of a particular compact conformation
with a long conformational lifetime (compared to the lifetime of the excited state) in
which the flavin does not stack, but interacts with other parts of the molecule, resulting
in less efficient flavin fluorescence quenching. It is interesting that in the FAD-ext3S0
run, the long-lived conformation in which the flavin and adenine moieties are close to
each other, but do not stack (Fig. 6.4), resembles the X-ray structure of the FAD cofactor
bound to DNA photolyase (Park et al., 1995), the only flavoprotein known thus far in
which the cofactor is bound in a nonextended conformation. This particular
conformation, however, occurred persistently in one run only, which is not sufficient to
explain the magnitude of the 2.7 ns fluorescence component.
A more likely hypothesis is therefore that the nanosecond fluorescence lifetime
component of FAD corresponds to the conformational lifetime of the open conformation.
Support for this is found in the MD simulations, where except for one run, all
simulations starting from an extended conformation of the molecule stacked within 5 ns.
From these simulations a hypothetical fluorescence decay curve can be constructed (Fig.
6.6) under the assumptions that the limited ensemble of FAD starting structures in the
extended conformation adequately represents the conformational ensemble of 'open'
FAD molecules in solution, that the dynamics of the FAD are not significantly
influenced by light excitation, and that as soon as an FAD molecule stacks, quenching
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occurs. The theoretical fluorescence lifetime retrieved from this hypothetical curve is 1.7
ns, which is not far from the nanosecond lifetime observed with time-resolved
fluorescence (2.4 ns at 300 K). Together, the time-resolved fluorescence data and
molecular dynamics simulations support the idea that the majority of FAD molecules are
in a 'closed' conformation in which the adenine and flavin rings are stacked, and that a
small percentage of FAD molecules can remain in the open conformation for
nanoseconds of time.
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Figure 6.6: Hypothetical fluorescence decay curve calculated from the molecular
dynamics simulations under the assumptions that (1) the limited number of FAD
starting structures in the extended conformation adequately represents the
conformational ensemble of 'open' FAD molecules in solution; (2) the dynamics of
the molecule are not significantly influenced by light excitation; and (3) any stacked
conformation will instantaneously quench. Both ground- and excited-state traces
were included to obtain better statistics because no significant difference between the
ground- an excited-state dynamics was detected (see also free-energy calculations,
assumption 2). The intrinsic fluorescence decay of the flavin was taken into account
by multiplying the simulated curve with the fluorescence decay curve corresponding
to the fluorescence lifetime of nonquenched flavin in water, such as in FMN (τ = 4.7
ns). From curve-fitting with a monoexponential decay model, a theoretical
fluorescence lifetime of 1.7 ns was obtained.
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Atoms
# Type2 Name1 Cgnr3 Charge Mass
Moiety1 (e) (u)
1 CB C9a 1 0.14 12.011
2 NR6* N10 2 -0.05 14.0067
3 CB C10 3 0.27 12.011
4 NR6 N1 4 -0.43 14.0067
5 CB C2 5 0.51 12.011
6 O O2 6 -0.45 15.9994
7 NR6* N3 7 -0.35 14.0067
8 H H3 8 0.35 1.008
9 CB C4 9 0.43 12.011
10 O O4 10 -0.43 15.9994
11 CB C4a 11 0.06 12.011
12 NR6 N5 12 -0.19 14.0067
13 CB C5a 13 0.06 12.011
14 CR6 C6 14 -0.12 12.011
15 HCR H6 15 0.19 1.008
16 CB C7 16 0 12.011
17 CH3 C7M 17 0 15.035
18 CB C8 18 0 12.011
19 CH3 C8M 19 0 15.035
20 CR6 C9 20 -0.18 12.011
Fl
av
in
21 HCR H9 21 0.19 1.008
22 CH2 C1* 22 0 14.027
23 CH1 C2* 23 0.15 13.019
24 OA O2* 23 -0.548 15.9994
25 HO H2* 23 0.398 1.008
26 CH1 C3* 24 0.15 13.019
27 OA O3* 24 -0.548 15.9994
28 HO H3* 24 0.398 1.008
29 CH1 C4* 25 0.15 13.019
30 OA O4* 25 -0.548 15.9994
31 HO H4* 25 0.398 1.008
32 CH2 C5* 26 0.13 14.027
R
ib
ity
l
33 OS O5* 27 -0.52 15.9994
(continued . . .)
1 names and labels correspond to Figure 6.1
2 gromacs atom type label
3 charge group number
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Atoms (. . . continued)
# Type2 Name1 Cgnr3 Charge Mass
moiety1 (e) (u)
34 P P 28 1.85 30.9738
35 OS OP3 29 -0.92 15.9994
36 OM OP1 30 -1 15.9994
37 OM OP2 31 -1 15.9994
38 P AP 32 1.85 30.9738
39 OM AOP1 33 -1 15.9994Ph
os
ph
o-
di
es
te
r
40 OM AOp2 34 -1 15.9994
41 OS AO5* 35 -0.52 15.9994
42 CS2 AC5* 36 0.13 14.027
43 CS1 AC4* 37 0.16 13.019
44 OS AO4* 37 -0.36 15.9994R
ib
os
e
45 CS1 AC1* 37 0.2 13.019
46 NR5* AN9 38 -0.2 14.0067
47 CB AC4 38 0.2 12.011
48 NR6 AN3 39 -0.36 14.0067
49 CR6 AC2 39 0.22 12.011
50 HCR HC2 39 0.14 1.008
51 NR6 AN1 40 -0.36 14.0067
52 CB AC6 40 0.36 12.011
53 NT AN6 41 -0.83 14.0067
54 H HN61 41 0.415 1.008
55 H HN62 41 0.415 1.008
56 CB AC5 42 0 12.011
57 NR5 AN7 43 -0.36 14.0067
58 CR5 AC8 43 0.22 12.011
A
de
ni
ne
59 HCR HC8 43 0.14 1.008
60 CS1 AC2* 44 0.15 13.019
61 OA AO2* 44 -0.548 15.9994
62 HO HO2* 44 0.398 1.008
63 CS1 AC3* 45 0.15 13.019
64 OA AO3* 45 -0.548 15.9994
R
ib
os
e
65 HO HO3* 45 0.398 1.008
Bonds
r0 fc r0 fc
ai aj (nm) (kJ mol-1nm-1) ai aj (nm) (kJ mol-1nm-1)
C9a N10 0.14 334720 C9a C5a 0.139 418400
C9a C9 0.139 418400 N10 C10 0.14 334720
N10 C1* 0.134 418400 C10 N1 0.134 418400
C10 C4a 0.139 418400 N1 C2 0.134 418400
C2 O2 0.123 502080 C2 N3 0.14 334720
N3 H3 0.1 374468 N3 C4 0.14 334720
C4 O4 0.123 502080 C4 C4a 0.139 418400
C4a N5 0.134 418400 N5 C5a 0.134 418400
C5a C6 0.139 418400 C6 H6 0.108 292880
C6 C7 0.139 418400 C7 C7M 0.153 334720
C7 C8 0.139 418400 C8 C8M 0.153 334720
C8 C9 0.139 418400 C9 H9 0.108 292880
C1* C2* 0.153 334720 C2* O2* 0.143 334720
C2* C3* 0.153 334720 O2* H2* 0.1 313800
C3* O3* 0.143 334720 C3* C4* 0.153 334720
O3* H3* 0.1 313800 C4* O4* 0.143 334720
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Bonds (. . . continued)
r0 fc r0 fc
ai aj (nm) (kJ mol-1nm-1) ai aj (nm) (kJ mol-1nm-1)
C4* C5* 0.153 334720 O4* H4* 0.1 313800
C5* O5* 0.143 251040 O5* P 0.161 251040
P OP3 0.161 251040 P OP1 0.148 376560
P OP2 0.148 376560 OP3 AP 0.161 251040
AP AOP1 0.148 376560 AP AOP2 0.148 376560
AP AO5* 0.161 251040 AO5* AC5* 0.1435 251040
AC5* AC4* 0.152 251040 AC4* AO4* 0.1435 251040
AC4* AC3* 0.152 251040 AO4* AC1* 0.1435 251040
AC1* AN9 0.148 251040 AC1* AC2* 0.152 251040
AN9 AC4 0.133 418400 AN9 AC8 0.133 418400
AC4 AN3 0.134 418400 AC4 AC5 0.139 418400
AN3 AC2 0.132 418400 AC2 HC2 0.108 292880
AC2 AN1 0.132 418400 AN1 AC6 0.134 418400
AC6 AN6 0.133 376560 AC6 AC5 0.139 418400
AN6 HN61 0.1 374468 AN6 HN62 0.1 374468
AC5 AN7 0.133 418400 AN7 AC8 0.133 418400
AC8 HC8 0.108 292880 AC2* AO2* 0.143 251040
AC2* AC3* 0.152 251040 AO2* HO2* 0.1 313800
AC3* AO3* 0.143 251040 AO3* HO3* 0.1 313800
1-4 Lennard-Jones
c6 c12 c6 c12
ai aj (kJ mol-1 nm6) (kJ mol-1nm12) ai aj (kJ mol-1nm6) (kJ mol-1nm12)
C9a N1 0.0023877 2.3896 ·10-6 C9a C4a 0.0023402 3.374 ·10-6
C9a H6 0.00044528 .22581 ·10-6 C9a C7 0.0023402 3.374 ·10-6
C9a C8M 0.0040046 6.3798 ·10-6 C9a C2* 0.0026103 3.5506 ·10-6
N10 C2 0.0023877 2.3896 ·10-6 N10 C4 0.0023877 2.3896 ·10-6
N10 N5 0.0024362 1.6924 ·10-6 N10 C6 0.0036699 3.7547 ·10-6
N10 C8 0.0023877 2.3896 ·10-6 N10 H9 0.00045432 .15993 ·10-6
N10 O2* 0.0023473 1.1203 ·10-6 N10 C3* 0.0026633 2.5147 ·10-6
C10 O2 0.0023006 1.5818 ·10-6 C10 N3 0.0023877 2.3896 ·10-6
C10 O4 0.0023006 1.5818 ·10-6 C10 C5a 0.0023402 3.374 ·10-6
C10 C9 0.0035969 5.3015 ·10-6 C10 C2* 0.0026103 3.5506 ·10-6
N1 H3 0 0 N1 C4 0.0023877 2.3896 ·10-6
N1 N5 0.0024362 1.6924 ·10-6 N1 C1* 0.0033923 3.47 ·10-6
C2 O4 0.0023006 1.5818 ·10-6 C2 C4a 0.0023402 3.374 ·10-6
O2 H3 0 0 O2 C4 0.0023006 1.5818 ·10-6
N3 N5 0.0024362 1.6924 ·10-6 H3 O4 0 0
H3 C4a 0 0 C4 C5a 0.0023402 3.374 ·10-6
O4 N5 0.0023473 1.1203 ·10-6 C4a C6 0.0035969 5.3015 ·10-6
C4a C1* 0.0033248 4.8994 ·10-6 N5 H6 0.00045432 .15993 ·10-6
N5 C7 0.0023877 2.3896 ·10-6 N5 C9 0.0036699 3.7547 ·10-6
C5a C7M 0.0040046 6.3798 ·10-6 C5a C8 0.0023402 3.374 ·10-6
C5a H9 0.00044528 .22581 ·10-6 C5a C1* 0.0033248 4.8994 ·10-6
C6 C8M 0.006155 10.024 ·10-6 C6 C9 0.0055284 8.33 ·10-6
H6 C7M 0.00076197 .42698 ·10-6 H6 C8 0.00044528 .22581 ·10-6
C7 H9 0.00044528 .22581 ·10-6 C7M C8M 0.0068526 12.063 ·10-6
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1-4 Lennard-Jones (. . . continued)
c6 c12 c6 c12
ai aj (kJ mol-1nm6) (kJ mol-1 nm12) ai aj (kJ mol-1nm6) (kJ mol-1 nm12)
C7M C9 0.006155 10.024 ·10-6 C8M H9 0.00076197 .42698 ·10-6
C9 C1* 0.0051102 7.6983 ·10-6 C1* H2* 0 0
C1* O3* 0.0032685 2.2969 ·10-6 C1* C4* 0.0037086 5.1559 ·10-6
C2* H3* 0 0 C2* O4* 0.0025662 1.6646 ·10-6
C2* C5* 0.0037086 5.1559 ·10-6 O2* O3* 0.0022617 .74158 ·10-6
O2* C4* 0.0025662 1.6646 ·10-6 H2* C3* 0 0
C3* H4* 0 0 C3* O5* 0.0025662 1.6646 ·10-6
O3* O4* 0.0022617 .74158 ·10-6 O3* C5* 0.0032685 2.2969 ·10-6
H3* C4* 0 0 C4* P 0.0065507 9.1058 ·10-6
O4* O5* 0.0022617 .74158 ·10-6 H4* C5* 0 0
C5* OP3 0.0032685 2.2969 ·10-6 C5* OP1 0.0032685 2.2969 ·10-6
C5* OP2 0.0032685 2.2969 ·10-6 O5* AP 0.0057734 4.0567 ·10-6
P AOP1 0.0057734 4.0567 ·10-6 P AOP2 0.0057734 4.0567 ·10-6
P AO5* 0.0057734 4.0567 ·10-6 OP3 AC5* 0.0032685 2.2969 ·10-6
OP1 AP 0.0057734 4.0567 ·10-6 OP2 AP 0.0057734 4.0567 ·10-6
AP AC4* 0.0065507 9.1058 ·10-6 AOP1 AC5* 0.0032685 2.2969 ·10-6
AOP2 AC5* 0.0032685 2.2969 ·10-6 AO5* AO4* 0.0022617 .74158 ·10-6
AO5* AC3* 0.0025662 1.6646 ·10-6 AC5* AC1* 0.0037086 5.1559 ·10-6
AC5* AC2* 0.0037086 5.1559 ·10-6 AC5* AO3* 0.0032685 2.2969 ·10-6
AC4* AN9 0.0026633 2.5147 ·10-6 AC4* AO2* 0.0025662 1.6646 ·10-6
AC4* HO3* 0 0 AO4* AC4 0.0023006 1.5818 ·10-6
AO4* AC8 0.0035361 2.4854 ·10-6 AO4* AO2* 0.0022617 .74158 ·10-6
AO4* AO3* 0.0022617 .74158 ·10-6 AC1* AN3 0.0026633 2.5147 ·10-6
AC1* AC5 0.0026103 3.5506 ·10-6 AC1* AN7 0.0026633 2.5147 ·10-6
AC1* HC8 0.00049668 .23763 ·10-6 AC1* HO2* 0 0
AC1* AO3* 0.0025662 1.6646 ·10-6 AN9 AC2 0.0036699 3.7547 ·10-6
AN9 AC6 0.0023877 2.3896 ·10-6 AN9 AO2* 0.0023473 1.1203 ·10-6
AN9 AC3* 0.0026633 2.5147 ·10-6 AC4 HC2 0.00044528 .22581 ·10-6
AC4 AN1 0.0023877 2.3896 ·10-6 AC4 AN6 0.0023877 2.3896 ·10-6
AC4 HC8 0.00044528 .22581 ·10-6 AC4 AC2* 0.0026103 3.5506 ·10-6
AN3 AC6 0.0023877 2.3896 ·10-6 AN3 AN7 0.0024362 1.6924 ·10-6
AN3 AC8 0.0036699 3.7547 ·10-6 AC2 AN6 0.0036699 3.7547 ·10-6
AC2 AC5 0.0035969 5.3015 ·10-6 HC2 AC6 0.00044528 .22581 ·10-6
AN1 HN61 0 0 AN1 HN62 0 0
AN1 AN7 0.0024362 1.6924 ·10-6 AC6 AC8 0.0035969 5.3015 ·10-6
AN6 AN7 0.0024362 1.6924 ·10-6 HN61 AC5 0 0
HN62 AC5 0 0 AC5 HC8 0.00044528 .22581 ·10-6
AC8 AC2* 0.0040121 5.5789 ·10-6 AC2* HO3* 0 0
AO2* AO3* 0.0022617 .74158 ·10-6 HO2* AC3* 0 0
Angles
θ0 fc θ0 fc
ai aj ak (degr) (kJ mol-1rad-2) ai aj ak (degr) (kJ mol-1rad-2)
N10 C9a C5a 120 418.4 N10 C9a C9 120 418.4
C5a C9a Ca 120 418.4 C9a N10 C10 120 418.4
C9a N10 C1* 120 418.4 C10 N10 C1* 120 418.4
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Angles (. . . continued)
θ0 fc θ0 fc
ai aj ak (degr) (kJ mol-1rad-2) ai aj ak (degr) (kJ mol-1rad-2)
N10 C10 N1 120 418.4 N10 C10 C4a 120 418.4
N1 C10 C4a 120 418.4 C10 N1 C2 120 418.4
N1 C2 O2 120 418.4 N1 C2 N3 120 418.4
O2 C2 N3 120 418.4 C2 N3 H3 120 376.56
C2 N3 C4 120 418.4 H3 N3 C4 120 376.56
N3 C4 O4 120 418.4 N3 C4 C4a 120 418.4
O4 C4 C4a 120 418.4 C10 C4a C4 120 418.4
C10 C4a N5 120 418.4 C4 C4a N5 120 418.4
C4a N5 C5a 120 418.4 C9a C5a N5 120 418.4
C9a C5a C6 120 418.4 N5 C5a C6 120 418.4
C5a C6 H6 120 376.56 C5a C6 C7 120 418.4
H6 C6 C7 120 376.56 C6 C7 C7M 120 418.4
C6 C7 C8 120 418.4 C7M C7 C8 120 418.4
C7 C8 C8M 120 418.4 C7 C8 C9 120 418.4
C8M C8 C9 120 418.4 C9a C9 C8 120 418.4
C9a C9 H9 120 376.56 C8 C9 H9 120 376.56
N10 C1* C2* 111 460.24 C1* C2* O2* 109.5 460.24
C1* C2* C3* 111 460.24 O2* C2* C3* 109.5 460.24
C2* O2* H2* 109.5 397.48 C2* C3* O3* 109.5 460.24
C2* C3* C4* 111 460.24 O3* C3* C4* 109.5 460.24
C3* O3* H3* 109.5 397.48 C3* C4* O4* 109.5 460.24
C3* C4* C5* 111 460.24 O4* C4* C5* 109.5 460.24
C4* O4* H4* 109.5 397.48 C4* C5* O5* 111 460.24
C5* O5* P 120 397.48 O5* P OP3 103 397.48
O5* P OP1 109.6 397.48 O5* P OP2 109.6 397.48
OP3 P OP1 109.6 397.48 OP3 P OP2 109.6 397.48
OP1 P OP2 120 585.76 P OP3 AP 120 397.48
OP3 AP AOP1 109.6 397.48 OP3 AP AOP2 109.6 397.48
OP3 AP AO5* 103 397.48 AOP1 AP AOP2 120 585.76
AOP1 AP AO5* 109.6 397.48 AOP2 AP AO5* 109.6 397.48
AP AO5* AC5* 120 397.48 AO5* AC5* AC4* 109.5 284.512
AC5* AC4* AO4* 109.5 284.512 AC5* AC4* AC3* 109.5 251.04
AO4* AC4* AC3* 109.5 284.512 AC4* AO4* AC1* 109.5 334.72
AO4* AC1* AN9 109.5 284.512 AO4* AC1* AC2* 109.5 284.512
AN9 AC1* AC2* 109.5 284.512 AC1* AN9 AC4 126 418.4
AC1* AN9 AC8 126 418.4 AC4 AN9 AC8 108 418.4
AN9 AC4 AN3 132 418.4 AN9 AC4 AC5 108 418.4
AN3 AC4 AC5 120 418.4 AC4 AN3 AC2 120 418.4
AN3 AC2 HC2 120 376.56 AN3 AC2 AN1 120 418.4
HC2 AC2 AN1 120 376.56 AC2 AN1 AC6 120 418.4
AN1 AC6 AN6 120 418.4 AN1 AC6 AC5 120 418.4
AN6 AC6 AC5 120 418.4 AC6 AN6 HN61 120 292.88
AC6 AN6 HN62 120 292.88 HN61 AN6 HN62 120 334.72
AC4 AC5 AC6 120 418.4 AC4 AC5 AN7 108 418.4
AC6 AC5 AN7 108 418.4 AC5 AN7 AC8 108 418.4
AN9 AC8 AN7 108 418.4 AN9 AC8 HC8 120 376.56
AN7 AC8 HC8 120 376.56 AC1* AC2* AO2* 109.5 284.512
AC1* AC2* AC3* 109.5 251.04 AO2* AC2* AC3* 109.5 284.512
AC2* AO2* HO2* 109.5 397.48 AC4* AC3* AC2* 109.5 251.04
AC4* AC3* AO3* 109.5 284.512 AC2* AC3* AO3* 109.5 284.512
AC3* AO3* HO3* 109.5 397.48
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Proper Dihedrals
θmax4 fc mult5
ai aj ak al (degr) (kJ mol-1) (#)
C9a N10 C1* C1* 0 0.418 6
N10 C1* C2* C2* 0 5.858 3
C1* C2* O2* O2* 0 1.255 3
C1* C2* C3* C3* 0 5.858 3
C2* C3* O3* O3* 0 1.255 3
C2* C3* C4* C4* 0 5.858 3
C3* C4* O4* O4* 0 1.255 3
C3* C4* C5* C5* 0 5.858 3
C4* C5* O5* O5* 0 3.766 3
C5* O5* P P 0 3.138 2
O5* P OP3 OP3 0 3.138 2
P OP3 AP AP 0 3.138 2
OP3 AP AO5* AO5* 0 3.138 2
AP AO5* AC5* AC5* 0 3.766 3
AO5* AC5* AC4* AC4* 0 2.092 2
AC5* AC4* AO4* AO4* 0 3.766 3
AC5* AC4* AC3* AC3* 0 2.092 2
AC4* AO4* AC1* AC1* 0 3.766 3
AO4* AC1* AN9 AN9 0 0 2
AO4* AC1* AC2* AC2* 0 2.092 2
AN1 AC6 AN6 AN6 180 33.472 2
AC1* AC2* AO2* AO2* 0 1.255 3
AC1* AC2* AC3* AC3* 0 2.092 2
AC4* AC3* AO3* AO3* 0 1.255 3
Improper Dihedrals
θ06 fc θ06 fc
ai aj ak al (degr) (kJ mol-1rad-2) ai aj ak al (degr) (kJ mol-1rad-2)
C9a N10 C10 C10 0 167.36 C9a N10 C9 C9 0 167.36
C9a C5a C6 C6 0 167.36 N10 C9a C5a C5a 0 167.36
N10 C10 C4a C4a 0 167.36 N10 C10 C9a C9a 0 167.36
C10 N1 C2 C2 0 167.36 C10 N1 N10 N10 0 167.36
C10 C4a N5 N5 0 167.36 N1 C10 C4a C4a 0 167.36
N1 C2 N3 N3 0 167.36 C2 N1 N3 N3 0 167.36
C2 N3 C4 C4 0 167.36 N3 C4 C4a C4a 0 167.36
N3 C2 C4 C4 0 167.36 C4 C4a C10 C10 0 167.36
C4 N3 C4a C4a 0 167.36 C4a N5 C5a C5a 0 167.36
C4A C4 N5 N5 0 167.36 C4a C10 N1 N1 0 167.36
N5 C5a C9a C9a 0 167.36 C5a N5 C6 C6 0 167.36
C5a C9a N10 N10 0 167.36 C5a C9a C9 C9 0 167.36
C5A C6 C7 C7 0 167.36 C6 C5a C7 C7 0 167.36
C6 C7 C8 C8 0 167.36 C7 C8 C9 C9 0 167.36
C7 C6 C8 C8 0 167.36 C8 C9 C9a C9a 0 167.36
C8 C7 C9 C9 0 167.36 C9 C9a C5a C5a 0 167.36
C9 C9a H9 H9 0 167.36 C2* O2* C3* C3* 35.264 334.72
C3* O3* C4* C4* 35.264 334.72 C4* O4* C5* C5* 35.264 334.72
AC4* AO4* AC5* AC5* 35.264 334.72 AC1* AN9 AO4* AO4* 35.264 334.72
AN9 AC8 AC4 AC4 0 167.36 AN9 AC8 AN7 AN7 0 167.36
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Improper Dihedrals (. . .continued)
ai aj ak al θ06 fc ai aj ak al θ06 fc
(degr) (kJ mol-1rad-2) (degr) (kJ mol-1rad-2)
AN9 AC4 AC5 AC5 0 167.36 AC4 AN3 AC2 AC2 0 167.36
AC4 AC5 AC6 AC6 0 167.36 AC4 AN9 AN3 AN3 0 167.36
AC4 AN9 AC8 AC8 0 167.36 AC4 AC5 AN7 AN7 0 167.36
AN3 AC4 AC5 AC5 0 167.36 AN3 AC2 AN1 AN1 0 167.36
AC2 AN1 HC2 HC2 0 167.36 AC2 AN1 AC6 AC6 0 167.36
AN1 AC6 AC5 AC5 0 167.36 AC6 AC5 AN1 AN1 0 167.36
AN6 HN61 HN62 HN62 0 167.36 AC5 AN7 AC8 AC8 0 167.36
AC5 AC6 AN7 AN7 0 167.36 AC5 AC4 AN3 AN3 0 167.36
AC5 AC6 AN1 AN1 0 167.36 AC8 AN7 AC5 AC5 0 167.36
AC8 AN9 AC4 AC4 0 167.36 AC8 AN9 HC8 HC8 0 167.36
AC2* AO2* AC3* AC3* 35.264 334.72 AC3* AC2* AO3* AO3* 35.264 334.72
4θ is the angle between the planes i-j-k and j-k-l; θ = 0 corresponds to the cis conformation with ai and al on
the same side
5 Potential multiplicity
6 θ is the angle between the planes i-j-k and j-k-l
7 Fluorescence correlation spectroscopy of flavinsand flavoenzymes: photochemical andphotophysical aspects
This Chapter has been published as:
van den Berg, P.A.W., J. Widengren, M.A. Hink, R. Rigler, and A.J.W.G. Visser. 2001.
Spectrochim. Acta A 57, 2135-2144.
Fluorescence correlation spectroscopy (FCS) was used to investigate the excited-
state properties of flavins and flavoproteins in solution at the single-molecule level. Flavin
mononucleotide (FMN), flavin adenine dinucleotide (FAD) and lipoamide dehydrogenase
(LipDH) served as model systems in which the flavin cofactor is either free in solution
(FMN, FAD) or enclosed in a protein environment as prosthetic group (LipDH).
Parameters such as excitation light intensity, detection time and chromophore
concentration were varied in order to optimize the autocorrelation traces. Only in
experiments with very low light intensity (<10 kW/cm2), FMN and FAD displayed
fluorescence properties equivalent to those found with conventional fluorescence detection
methods. Due to the high triplet quantum yield of FMN, the system very soon starts to
build up a population of nonfluorescent molecules, which is reflected in an apparent
particle number far too low for the concentration used. Intramolecular photoreduction and
subsequent photobleaching may well explain these observations. The effect of
photoreduction was clearly shown by titration of FMN with ascorbic acid. Whereas
titration of FMN with the quenching agent potassium iodide at higher concentrations (>50
mM I-) resulted in quenched flavin fluorescence as expected, low concentrations of
potassium iodide led to a net enhancement of the de-excitation rate from the triplet state,
thereby improving the fluorescence signal. FCS experiments on FAD exhibited an
improved photostability of FAD as compared to FMN: as a result of stacking of the
adenine and flavin moieties, FAD has a considerably lower triplet quantum yield.
Correlation curves of LipDH yielded correct values for the diffusion time and number of
molecules at low excitation intensities. However, experiments at higher light intensities
revealed a process which can be explained by photophysical relaxation or photochemical
destruction of the enzyme. As the time constant of the process induced at higher light
intensities resembles the diffusion time constant of free flavin, photodestruction with the
concomitant release of the cofactor offers a reasonable explanation.
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7.1 Introduction
Flavoenzymes offer the unique possibility of probing the dynamic behaviour of the
active site via their naturally fluorescent flavin cofactor. Flavoenzymes are involved in
numerous redox processes in metabolic oxidation-reduction or (photo)biological electron
transport (for an overview, see Müller, 1991). Both from biochemical and biophysical
viewpoints, the essential part of the flavin cofactor is the isoalloxazine ring. The cofactor
is able to act as a redox-mediator through this three-membered ring system, which can
exist in oxidized flavoquinone, one-electron reduced flavo-semiquinone, and two-electron
reduced flavo-1,5-dihydroquinone states. The redox properties of the flavin are subtly
modulated by the protein environment, which makes it a very versatile molecule involved
in a wide range of enzymatic reactions. Flavins and flavoproteins exhibit fluorescence in
the green spectral region allowing highly selective excitation and detection. Contrary to
the oxidized state, the flavin in the reduced state is hardly fluorescent. Consequently,
fluorescence studies are normally restricted to oxidized flavins and flavoenzymes. In
aqueous solution, riboflavin and FMN possess a rather high fluorescence quantum yield
(Q = 0.26 (Weber, 1950)). FAD however, is much less fluorescent (Q = 0.03 (Weber,
1950)) because of the formation of an intramolecular complex between the flavin and
adenine moieties. This reduction in quantum yield was shown to result from both static
and dynamic quenching of the flavin fluorescence (Spencer & Weber, 1972; Visser,
1984). In general, the flavin cofactor is bound to the protein in an extended conformation.
The intramolecular quenching of the FAD molecule in flavoproteins is therefore removed
implying that the fluorescent features of flavoenzymes are controlled by the protein
environment in the very same way as those of bound FMN. The most fluorescent
flavoprotein is undoubtedly the yellow fluorescent protein from bioluminescent bacteria
with the exceptionally high fluorescence quantum yield of ~0.6 (Visser et al., 1997). We
have advantageously used this protein and related proteins in FCS studies of naturally
fluorescent markers (Visser et al., 2001). However, contrary to flavoenzymes whose
primary function is redox catalysis, this flavoprotein was specially designed with the
purpose of emitting light. It is therefore not surprising that the fluorescence quantum yield
of regular flavoenzymes is considerably lower. With a quantum yield of ~0.1, lipoamide
dehydrogenase and thioredoxin reductase belong to the most fluorescent flavoenzymes
known thus far. In many flavoproteins, however, the flavin fluorescence is so heavily
quenched (Q << 0.01) that they were traditionally regarded as 'nonfluorescent'. However,
recent studies in which modern fluorescence methodologies with an ultrahigh time
resolution were applied, have shown that the idea of 'nonfluorescent flavoproteins' should
be abandoned (van den Berg et al., 1998, 2001; Visser et al., 1998).
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The primary goal of this investigation was to study the structural dynamics of
single lipoamide dehydrogenase molecules using fluorescence correlation spectroscopy
(FCS). Lipoamide dehydrogenase (LipDH) was initially chosen because of its relatively
high fluorescent yield, extensively studied kinetic and fluorescent properties and the
availability of a three-dimensional structure. FCS is probably the most famous single-
molecule-fluorescence-detection technique for molecules freely diffusing in solution.
While the theoretical concepts of FCS date back to the 1970s (Magde et al., 1972, 1974;
Elson & Magde, 1974; Ehrenberg & Rigler, 1974), experimental methods became only
feasible in the last decade by progress in the field of opto-electronics. In FCS, the
fluctuations in fluorescence intensity of single fluorophores in time are analyzed via the
autocorrelation function (Rigler et al., 1993; Eigen & Rigler, 1994; Maiti et al., 1997). The
technique is particularly suitable for retrieving information on diffusion properties and
concentrations. In addition, FCS experiments can provide insight into molecular
interactions and photochemical events.
Initially, we have carried out FCS experiments on the free flavin cofactors FMN
and FAD, as these would serve as a basis to understand the FCS results of LipDH.
However, the results of these experiments did not agree with the known spectroscopic
properties of FMN and FAD. In order to clarify the fluorescence properties  of free and
enzyme-bound flavins upon confocal illumination using fluorescence correlation
detection, we report here on a systematic FCS investigation of FMN, FAD and LipDH. In
the case of the free cofactor, addition of molecules such as potassium iodide (fluorescence
quencher) and ascorbic acid (reducing agent) led to changes in FCS patterns which could
be related tot the photophysical and photochemical properties of the flavin cofactor at the
single-molecule level. Some complementary FCS results on FMN, FAD and riboflavin,
free and bound to bioluminescent antenna proteins have been presented elsewhere (Visser
et al., 2001).
7.2 Materials and Methods
Flavin and enzyme preparations
Azotobacter vinelandii LipDH was expressed in Escherichia coli TG2 and purified
according to the method described earlier by Westphal and de Kok (Westphal & de Kok,
1988). The enzyme was stored at –80 °C in 100 mM potassium phosphate buffer
containing 0.5 mM EDTA at pH 7.0. Before use, possible traces of free FAD were
removed on a Biogel PGD-6 column (Biorad) equilibrated with 50 mM phosphate buffer
pH 7.0. FMN and FAD were purchased from Sigma and were of the highest quality
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available. FAD preparations were put over a Biogel P2 column (Biorad) to remove minor
traces of more fluorescent degradation products. Gelfiltration chromatography had no
effect on the properties of FMN in FCS. The concentrations were based on the following
extinction coefficients: LipDH: ε457 = 11.3 mM-1cm-1 (Westphal & de Kok, 1988); FAD:
ε450 = 11.3 mM-1cm-1 (Whitby, 1953); FMN: ε450 = 12.5 mM-1cm-1 (Whitby, 1953). All
other chemicals were of the highest quality available.
Fluorescence correlation spectroscopy
The FCS setup was basically as described in detail elsewhere (Widengren &
Rigler, 1998, and references cited therein) For excitation of the flavin molecules argon ion
laser lines of 488 and 458 nm (Spectra Physics Model 165 and Coherent Innova 200,
respectively) were used. The light intensity was adjusted by using various neutral density
filters. The laser beam was focussed by a lens in front of an epi-illuminated microscope,
reflected by a dichroic mirror (Leitz TK580) and refocussed on the image plane of a water
immersion objective (Zeiss Plan-Neofluar 63x NA 1.2). The laser beam waist in the focal
plane ω1 was 0.26 µm ± 10%. The excitation intensity was measured by a silicon
photodiode. Fluorescence was detected via the same objective using a cross-correlation
setup of two avalanche photodiodes (EG&G Model SPCM-100). In detection, a 50-µm
pinhole and a bandpass filter (Omega Optics 535DF45) was used. The fluorescence
intensity fluctuations were analysed in terms of a cross-correlation function over a time
scale from 10 ns to 100 s by a PC-based correlator (ALV model 5000E). A detailed
description of the theoretical background and the evaluation of the correlation functions
are given elsewhere (Widengren & Rigler, 1998). Briefly, the autocorrelation traces have
been analyzed according to the following model:
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in which the apparent number of molecules N'= N(1-Ftrip) with N the average number of
fluorescent molecules in the detection volume; Ftrip and Ttrip are, respectively, the
fractional population and decay time of the triplet state (these parameters are, in first
approximation, assumed equal for all components); Fi and Ti are, respectively, the
contribution and translational diffusion time of the i-th fluorescent component, with Ti =
ω1
2/4Di, and a = ω2/ω1 is the ‘structural’ parameter of the instrumental setup (ω2 is the
beam waste in the axial plane). Except for FCS experiments on LipDH at high laser
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intensities, a two-component analysis was performed. In all other cases we have assumed
one diffusing component in which F1 = 1. When the triplet contribution is negligible,
equation 1 is reduced to an equation describing diffusion only. The autocorrelation results
obtained with FMN in the presence of ascorbic acid have been analysed using software
summarized recently (Digris et al., 2000).
The sample was mounted under the objective via a coverslip. For measurements
not exceeding 5 min., a 50 or 100 µl hanging droplet of the sample was used. For longer
measurements a vessel containing 10 ml of sample was placed under the coverslip. For
anaerobic experiments an airtight vessel of 5 ml was used, in which the samples were
deaerated by flushing with argon for at least 30 min. In all series of experiments, the
alignment and focussing of the setup was frequently checked by measuring the correlation
function of 0.2 nM rhodamine green (Molecular Probes Inc., Leiden, The Netherlands) in
20 mM sodium carbonate buffer pH 9.0.
7.3 Results and Discussion
General appearance of fluorescence correlation curves of FMN, FAD and LipDH
From initial FCS experiments on FMN, FAD and LipDH, it appeared that in
contrast with the data of the flavoenzyme, the amplitude of the correlation curves of the
free flavins did not match with the concentrations applied. For FMN, the amplitude, which
is inversely related to the number of fluorophores in the confocal volume element through
N' = N(1-Ftrip), revealed only ~1/6 of the number of FMN molecules present. The
fluorescence count rate per molecule of FMN, which -rather than the total count rate-
determines the signal to noise ratio in FCS experiments, was much lower than expected
from the excitation cross section and quantum yield. In addition, the count rate per
molecule of FMN and FAD under similar experimental conditions differed only by a
factor of two, whereas the fluorescence quantum yield difference is known to be about
nine. Control experiments performed with highly fluorescent rhodamine green nicely
yielded correct concentrations. Typical examples of correlation traces of FMN and FAD in
aqueous buffer solution (pH 7.0) are shown in Figure 7.1 (the experimental results have
been analyzed using equation 1).
Possible explanations for the deviations found for the free flavins can be found in
photochemical reactions as well as in photophysical processes. Photoreduction of the
flavin is a likely photochemical reaction which leads to a loss of fluorescence as the
quantum yield of reduced flavin is very low, and reduced flavin does not absorb light at
blue-light excitation (458 or 488 nm). Because of a continuous replacement of molecules
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in the confocal volume by Brownian motion, an equilibrium between photoreduction and
diffusion is established in which the volume element contains a fraction of non-fluorescent
molecules. Other reasons to detect too few molecules have a photophysical nature. A
transient dark state with a lifetime of the order of the diffusion time would render the
molecule invisible. Based on the photophysical features of the molecule, the existence of
such dark state for FMN is highly unlikely. However, a photophysical characteristic of
FMN that does contribute to the observed effect is the exceptionally high triplet quantum
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Figure 7.1: Panels showing experimental and fitted fluorescence autocorrelation
traces obtained under different conditions. All concentrations were 500 nM.
A: FMN under anaerobic conditions excited with the 458 nm argon laser line at 190
kW/cm2. The experimental data were analyzed using the model described by Eqn. 1
resulting in the following parameters: T1 = 64 µs, Ttrip = 20 µs, Ftrip = 0.43 ± 0.08 and
the number of molecules N = 75. Note the long triplet lifetime owing to anaerobic
conditions; aerobic experiments with similar high excitation intensities resulted in
values of Ttrip = 1-4 µs and Ftrip = 0.12 ± 0.05. B: FMN excited with the 488 nm
argon laser line at 20 kW/cm2 (low excitation intensity) under aerobic conditions.
Data were analyzed using diffusion only leading to T1 = 46 µs and N = 285. C: FAD
excited with the 488 nm argon laser line at 20 kW/cm2 under aerobic conditions.
Data were analyzed using diffusion only leading to T1 = 48 µs and N = 270.
D: LipDH excited with the 488 nm argon laser line at 20 kW/cm2 under aerobic
conditions. Data were analyzed using diffusion only leading to T1 = 379 µs and
N = 59.
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yield of ~0.6 (Heelis, 1991). The large build-up of molecules in the triplet state is nicely
demonstrated in anaerobic measurements of FMN (Fig. 7.1A). Under aerobic conditions,
fast cross-correlation curves of FMN at high light intensities revealed a relaxation time of
1-4 µs with a smaller amplitude (~0.12 ± 0.05) that likely corresponds to the lifetime of
the FMN triplet state in the presence of oxygen (see also data presented elsewhere; Visser
et al., 2001). The significant mismatch in the amplitude -only ~15% of the input
concentration is determined- indicates the presence of an undetected, irreversible process.
Once the flavin molecule is in the long-lived triplet state, an irreversible process such as
photobleaching or photodestruction can take place making these molecules permanently
invisible.
In order to solve the enigma of missing molecules, we decided to further
investigate the photophysical and photochemical behaviour of flavins with FCS.
Therefore, we have measured both the initial fluorescence intensities and cross-correlation
curves of FMN, FAD and LipDH as a function of excitation light intensity. Only at
relatively low light intensity, the amplitude of the correlation curves roughly corresponds
to the input concentration of the flavins (see Fig. 7.1B-D). Especially for FMN and FAD,
the correlation traces at early time became so noisy that no fast relaxation time arising
from the triplet state could be observed. The longer diffusion time (380 µs) of LipDH is in
complete agreement with a diffusing particle of 100 kDa mass. Only at very low excitation
intensities (<10 kW/cm2), the relative difference in initial fluorescence intensity between
FMN and FAD corresponded to the relative difference in fluorescence quantum yield (a
factor of ten). In the case of FMN, the relation between initial fluorescence intensity and
excitation light power starts to deviate from linearity more rapidly than for FAD, resulting
in an apparent quantum yield difference of about four times at higher light intensities (Fig.
7.2). The different behaviour of FMN and FAD can be explained by the difference in
triplet quantum yield of the flavin cofactors. The triplet quantum yield of FAD is much
lower (~0.15) than that of FMN (~0.6) (Heelis, 1991) due to the efficient radiationless
decay to the ground state caused by stacking of the flavin and adenine moieties, a
conformation which is predominant in solution (~80%) (Spencer & Weber, 1972). The
high rate of intersystem crossing in FMN leads to the formation of a population of
nonfluorescent molecules in the confocal volume element. Photodestruction of the flavin
due to the relatively high excitation light intensities that are used in this confocal
technique would explain the data. Flavins, and especially free FMN, are indeed known to
be rather photolabile: a well-known photochemical degradation pathway for riboflavin
compounds is the intramolecular photoreduction via the ribityl chain (Heelis, 1991). Such
a one-electron transfer process would result in intermediates which are susceptible to
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further photolysis and hydrolysis. The fact that the contribution of the 1-4 µs process
(triplet state lifetime under aerobic conditions) remains rather stable at high light
intensities also points to the presence of another process which provides an alternative de-
excitation pathway besides the return to the singlet ground state. The observation that the
initial fluorescence intensity of an FMN sample which was illuminated for the second time
(after a dark period that followed a reasonable exposure time), was always lower than the
intensity obtained with a fresh sample, supports this idea as well.
Effect of addition of iodide and ascorbic acid on free flavin fluorescence correlation
traces
To study the triplet state build-up of the flavin compounds, free FMN was titrated
with potassium iodide in the range from 100 µM to 100 mM, while monitoring the initial
fluorescence intensity (Fig. 7.3A). Iodide has been reported to increase the rate of
intersystem crossing, and is a well-known fluorescence quencher. At iodide concentrations
above 50 mM, the fluorescence was indeed quenched. However, low iodide concentrations
stimulated FMN fluorescence to ~150% of the initial value. The apparent number of
molecules calculated from the amplitude of the correlation curve increased to the expected
number of molecules (Fig. 7.3B), but hardly any influence on the apparent diffusion time
of FMN was found (Fig. 7.3C). The iodide effect can be explained by a decrease of the
triplet population of FMN instead of the expected increase (Fig. 7.4). Except for an
Figure 7.2: Excitation intensity dependence of the initial fluorescence (in kHz) of
FMN (), FAD () and LipDH (), all at 500 nM. The excitation wavelength was
488 nm.
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se of the rate of intersystem crossing (k23 in Fig. 7.4), iodide also accelerates the de-
tion of the triplet population (k31 in Fig. 7.4), thereby increasing the ground-state
ation. Since the rate constant for intersystem crossing in FMN itself is already very
the relative increase in k31 may be higher than that in k23 thus resulting in a relatively
er triplet population (see also Widengren et al., 1995).
In the case of FAD, low iodide concentrations did not have any effect on the FCS
 at an excitation intensity of 70 kW/cm2. However, a small increase in the initial
scence intensity was visible at an excitation intensity of 190 kW/cm2 (data not
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shown). The decreased effect of iodide in the case of FAD is most likely the result from
efficient shielding of the isoalloxazine ring by the adenine part in the stacked
conformation of FAD. In addition to the decreased contact area between iodide ions and
the fluorophore, quenching by the adenine part forms an efficient de-excitation pathway
that competes with the intersystem crossing rate induced by iodide. A relaxational process
connected with the stacking/unstacking of FAD in aqueous solution, could not be resolved
in the FCS curves. A rough indication of a fast process has been obtained previously by
taking the ratio of FCS curves of FAD and FMN, but this process was shown to be at the
shortest limit of detection (Visser et al., 2001).
The effect of photoinduced reduction of the flavin was investigated by titrating
FMN with the reductive agent ascorbic acid. Addition of ascorbic acid did not influence
the absorption spectrum of FMN suggesting that reduction of the flavin did not occur in
the ground state. In an FCS experiment, however, the fluorescence intensity of FMN
decreased significantly upon titration with ascorbic acid under aerobic conditions. The
autocorrelation traces of FMN become faster with increasing ascorbic acid concentration.
Six sets of curves, experimental and fitted ones, are presented in Fig. 7.5A. The apparent
faster diffusion time indicates the presence of a chemical process with a time constant of
the same order of magnitude as the diffusion time. The experimental data were fitted to
yield the apparent relaxation time Tapp and the contribution of triplet state kinetics. The
fractional population Ftrip decreases with increasing ascorbic acid concentration. The
amplitude of the correlation curve increases with increasing ascorbic acid concentration
reflecting the presence of fewer fluorescent molecules.
Figure 7.4: Scheme showing the singlet ground state (S0), the singlet excited state
(S1), the triplet state (T1) and the rate constants connecting the different levels. Iodide
quenching accelerates both the rate of intersystem crossing k23 and the triplet decay
rate k31.
S1
S0
T1
k23
k12 k21
k31
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Figure 7.5: The effect of ascorbic acid on the FCS traces of FMN. A: Shown from
right to left are six sets of traces (experimental and fitted) corresponding with 0,
0.03, 0.1, 0.3, 0.5 and 1.0 mM ascorbic acid, respectively. The triplet lifetime Ttrip
was linked over all curves and its value was constrained between 0.5 and 5 µs. The
value determined was Ttrip = 0.9 µs. The triplet yield Ftrip was ~15% in the absence of
ascorbic acid and decreased to ~6% in the presence of 0.3-1.0 mM ascorbic acid.
B: The apparent number of FMN molecules as a function of ascorbic acid
concentration. C: Determination of the apparent second-order rate constant as
described in the text. The FMN concentration was 500 nM, the excitation
wavelength was 458 nm with average intensity 190 kW/cm2.
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To illustrate this effect, the average number of molecules in the excitation volume
is plotted against the ascorbic acid concentration in Figure 7.5B. The relaxation time
connected to the chemical process (Treact) was calculated from the apparent relaxation time
Tapp using:
1 1 1
T T Tapp dif react
= + (2)
where the translational diffusion time Tdif was obtained from the analysis of the
autocorrelation curve of FMN without added ascorbic acid. The reciprocal value of the
reaction time is plotted against the concentration of ascorbic acid in Figure 7.5C. Up to a
reductant concentration of 0.5 mM, a linear dependence between the concentration of
ascorbic acid and the reaction velocity is observed. The second order rate constant for the
observed reaction has been determined to be 5.6 x 107 M-1s-1 (Fig. 7.5C). The bimolecular
rate constant for the reaction of the flavin triplet with ascorbic acid has been obtained with
flash photolysis and amounted to 1.2 x 109 M-1s-1 (Heelis et al., 1981). The explanation for
this apparent discrepancy is the fact that we monitor in this experiment the fluorescence of
oxidized flavin. After photoreduction the flavin has to be reoxidized again and this is
likely the rate-limiting step in the reaction. The apparent rate constant therefore reflects
the rate constant of reoxidation. In addition, molecular oxygen accelerates de-excitation of
the triplet state population, thereby reducing the effective concentration of flavin triplets.
Titration of FMN with ascorbic acid under anaerobic conditions led to an almost complete
loss of both fluorescence intensity and correlation: the FMN in the confocal volume
element was quickly reduced and no reoxidation by oxygen could take place. Addition of
oxidative agents such as dinitrobenzene and hydrogen peroxide at a broad range of
concentrations did not have any effect on the FCS signal of free flavins and will not be
further discussed.
FCS experiments on lipoamide dehydrogenase
For LipDH, the initial fluorescence intensities and the values obtainable from the
correlation curve matched quite well with the fluorescence quantum yield, the expected
diffusion time and the concentration of the enzyme at low excitation light powers (<30
kW/cm2, see also Fig. 7.1D). At higher excitation intensities, two components besides the
diffusion time arise in the correlation curves of the enzyme (Fig. 7.6). The contribution of
these additional components increases with the light intensity until the diffusion time of
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the enzyme can no longer be resolved. The recovered time constants of the components
are quite similar to those found for free FAD. Possibly, these time constants reflect
photodestruction of the flavoenzyme and concomitant release of the FAD. A similar effect
has been observed for the bioluminescent antenna proteins recombined with riboflavin
(Visser et al., 2001). However, the time constants may also be related to a relaxational
process in the enzyme. Binding of the nonreducing substrate analogue 3-aminopyridine
adenine dinucleotide to LipDH did not have any effect on the correlation curves.
Reduction of the enzyme with dihydrolipoamide under aerobic conditions resulted in a
total loss of correlation.
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cFigure 7.6: The effect of laser intensity on the FCS traces of lipDH. The lipDH
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data were fitted to the model described by Eqn. 1 using one-component diffusion
only at the lowest intensity and two-component diffusion with triplet kinetics at the
higher intensities. The relative amplitudes (Fi, Ftrip) are presented in a bar diagram.
At excitation intensities lower than 30 kW/cm2, only the diffusion time can be
esolved. At higher intensities additional components start to emerge (see text). Near
0 kW/cm2, where the amplitude of these additional components is still low, the
orresponding relaxation times are rather ill-defined and therefore not depicted.171
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7.4 Conclusions
From this study it can be concluded that FCS is a very valuable technique for
studying the photophysical properties and the photochemical kinetics of flavins. However,
due to these photophysical and photochemical properties of flavins, single-molecule
detection of flavoproteins in solution is a very difficult task. Recently, a spectacular
breakthrough was reported for molecules immobilized in a matrix (Lu et al., 1998): Lu and
co-workers monitored enzymatic turnovers of the flavoenzyme cholesterol oxidase
molecules confined in an agarose gel, which prevented translational diffusion of the
enzyme, but allowed free exchange of substrates and products. As in the reduced state, the
flavin is nonfluorescent compared to the oxidized state, the successive 'on-times' and 'off-
times' reflected the redox cycle of the enzyme and thus enzymatic turnover. However, for
the study of the dynamic behaviour of enzymes, considerably more detail is needed. This
will require extremely stable enzymes with a high fluorescence quantum yield. For single-
molecule studies on flavoenzymes, however, the nature of the flavin molecule itself, being
designed as a redox intermediate, combined with the relatively high triplet quantum yield
will remain the largest obstacle.
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8.1 Active-site dynamics and time-resolved flavin fluorescence
Dynamic processes in proteins occur on a wide range of time scales, ranging from
femtoseconds for vibrational motions up to hours or longer for folding events. For
enzymes, this intrinsic flexibility poses an intriguing question as to the role of
conformational dynamics in the catalytic function. With the development of experimental
techniques, a wealth of information on three-dimensional protein structures has become
available, and real-time monitoring of dynamic events is now feasible for the entire time
window. This has opened up the way for detailed investigations on the enzyme's
functionally important motions. An interesting class of enzymes for such research are the
flavoenzymes. Flavoenzymes contain a naturally fluorescent flavin cofactor as redox-
active prosthetic group. This allows direct monitoring of the active-site dynamics through
fluorescence relaxation spectroscopy, without the need for fluorescence labelling.
Obtaining better insight into the active-site dynamics of dimeric flavoproteins by means
of fluorescence relaxation spectroscopy was the aim of research described in this thesis.
For interpretation of fluorescence data in terms of dynamic events in the proteins, explicit
attention was paid to the photophysical and dynamic characteristics of the flavin cofactor.
As central systems, three flavoproteins were chosen for which crystallographic data have
suggested different types of functionally important motions; E. coli glutathione reductase,
which displays a local conformational change in the active site; E. coli thioredoxin
reductase, for which a major domain rotation was proposed to be essential for catalysis;
and P. fluorescens p-hydroxybenzoate hydroxylase, in which the isoalloxazine ring of the
flavin cofactor itself is mobile during catalysis. A general introduction on protein
dynamics, flavoenzymes and the systems of choice, and (flavin) fluorescence as a method
for probing protein dynamics is presented in Chapter 1.
Earlier time-resolved fluorescence decay and anisotropy studies have laid a
foundation for using flavin fluorescence characteristics in resolving structure-function
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relationships in flavoenzymes. Fluorescence depolarization analyses have yielded
knowledge on energy transfer between flavin cofactors in (homo)dimeric or multimeric
enzymes, possible dissociation of the cofactor, local mobility of the isoalloxazine ring,
and -if fluorescence lifetime and molecular mass allowed it- overall protein tumbling (for
more details, see van den Berg & Visser, 2001). In many flavoenzymes that tightly bind
the flavin cofactor, however, local mobility of the flavin ring is absent on the nanosecond
time scale. In general, information on the active-site dynamics of flavoenzymes has
mainly been derived from fluorescence lifetime spectra. In previous studies,
heterogeneous flavin fluorescence decays have been explained in terms of conformational
differences and protein relaxation, in line with the interpretation of heterogeneous
fluorescence quenching in tryptophan-containing enzymes. Whereas analysis through a
quasi-continuous distribution of time constants often resulted in interpretations in terms
of relaxational processes, analysis by a sum of exponentials frequently led to the
suggestion of the existence of just as many protein conformational states. To many
proteins, conformational differences and dynamics on the time scale of fluorescence may
indeed apply. In a theoretical paper of Bajzer and Prendergast (1993), however, it was
shown that for several tryptophan-containing proteins heterogeneity in fluorescence
decay can be explained by energy transfer to different acceptor sites in the protein, which
all contribute with a certain probability to de-excitation of the donor. This so-called
'multiple quenching sites model' opened up a new way for explaining heterogeneous
fluorescence decays.
8.2 New mechanisms for flavin fluorescence quenching and fluorescence
depolarization
The first protein that was experimentally evaluated in the light of the multiple
quenching sites model was E. coli glutathione reductase (Chapter 2). In the crystal
structure of this enzyme, tyrosine 177 blocks the access to the NAYYDPH binding site.
During catalysis, this tyrosine is thought to move away from the flavin. Earlier time-
resolved fluorescence studies on this hardly fluorescent enzyme from human erythrocytes
had yielded a fluorescence lifetime spectrum with five components, with a dominant
ultrashort lifetime component of ~30 ps (Bastiaens et al., 1992b). This ultrashort
component, which was near the detection limit of the setup used at that time, was
interpreted as an excited-state interaction between the flavin and the juxtaposed tyrosine
residue that blocks the active site. The five lifetime components were explained by the
existence of (at least) five conformational substates of the enzyme, with different
positions and/or orientations of this tyrosine residue (Bastiaens et al., 1992b), and it was
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proposed that interconversion between the substates corresponded to gross structural
changes in the protein.
The study on E. coli glutathione reductase and mutants in which the flavin-
shielding tyrosine was replaced by either a phenylalanine (GR Y177F) or a glycine (GR
Y177G), in Chapter 2 confirmed the presence of five lifetime components. Because of the
enhanced time resolution of the equipment, the predominant ultrashort lifetime
component was found to be significantly shorter (7 ps), and again close to the detection
limit. Although lacking the flavin-shielding tyrosine, the mutant enzymes still showed a
rapid fluorescence decay. Analysis again yielded five lifetime components, four of which
were practically identical to that of wild-type enzyme, but the ultrafast 7 ps lifetime
component had disappeared. From the these lifetime data, three interesting issues could
be derived. First, the data provide strong evidence for the multiple quenching sites model.
Second, the molecular mechanism of ultrarapid fluorescence quenching in glutathione
reductase was disclosed. Third, the study shows that ultrafast processes in the picosecond
domain are quite relevant to analyze dynamic processes in biological systems. The next
sections will deal with the first two topics in a more general context. The third issue will
be addressed in discussing the results on E. coli thioredoxin reductase (Chapter 4).
For the multiple quenching sites model, the E. coli glutathione reductase enzymes
yielded convincing results. The fact that mutant enzymes which lack the tyrosine residue
causing the ultrashort fluorescence lifetime, still exhibited a rapid heterogeneous
fluorescence decay could only be explained by the existence of quenching sites in the
protein other than the juxtaposed tyrosine. The similarity between the four longer
fluorescence lifetimes found for both wild-type GR and the mutant enzymes strongly
indicated that these quenching sites also contribute, albeit to a minor extent, to the flavin
fluorescence decay of the wild-type enzyme. The position of the specific site and its
distance to the flavin, together with the nature of the quenching interaction, then
determines the probability by which each site contributes to fluorescence quenching.
Conformational fluctuations on the (sub)nanosecond time scale as well as on longer time
scales will create a heterogeneous ensemble in which the rate and probability of
fluorescence quenching by a specific site is controlled by the precise nanostructure and
dynamics of the light-excited enzyme. Fluorescence lifetime data of other flavoenzymes
such as thioredoxin reductase (Chapter 4), NADH peroxidase (Visser et al., 1998) and p-
hydroxybenzoate hydroxylase (Chapter 5) have also confirmed the validity of the
multiple quenching sites model.
The results on E. coli glutathione reductase, corroborated by investigations on
NADH peroxidase (Visser et al., 1998), and riboflavin-binding protein and glucose
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oxidase (Mataga et al., 1998), put a new perspective to the concept of 'nonfluorescent
flavoproteins'. A considerable number of flavoenzymes have such a low flavin
fluorescence quantum yield that they were traditionally regarded as nonfluorescent. When
high-resolution structures became available, it was noted that these enzymes generally
contained one or more aromatic residues, particularly tryptophans or tyrosines, in close
proximity to the flavin. The strong fluorescence quenching was then explained by the
formation of a ground-state complex between the isoalloxazine ring and the aromatic
amino acid leading to static quenching ('dark complex'). In the late 1980s, the first
picosecond lifetime components were reported for flavoenzymes with a tryptophan
juxtaposed to the flavin, such as flavodoxin (Visser et al., 1987). The detection of such
short fluorescence lifetimes, which are by definition reflecting dynamic quenching, led to
the proposal of a new mechanism of quenching. For flavodoxin from Desulfovibrio, it
was suggested that photoinduced electron transfer from the electron-rich aromatic side
chain of the tryptophan to the light-excited flavin was responsible for this ultrarapid
process (Visser et al., 1987; Leenders et al., 1993a). Picosecond-absorption
measurements on this enzyme revealed a transient exciplex absorption band with an
identical lifetime proving electron transfer from tryptophan to the flavin in the excited
state (Karen et al., 1987). In E. coli glutathione reductase, comparison of the temperature-
invariant 7 ps lifetime component with the time constant expected for photoinduced
electron transfer calculated from the Rehm-Weller equation (Rehm & Weller, 1970)
showed the likeliness of a highly efficient quenching route via electron transfer from
tyrosine to the light-excited flavin. Recently, this mechanism was also confirmed by
femtosecond transient absorption data on riboflavin-binding protein and glucose oxidase,
where charge separation and recombination were monitored directly (Zhong & Zewail,
2001). The fact that ultrashort flavin fluorescence lifetimes are also found in other
flavoproteins containing tyrosines at Van der Waals distance of the flavin, such as NADH
peroxidase (Visser et al., 1998), riboflavin-binding protein and glucose oxidase (Mataga
et al., 1998, 2000; Zhong & Zewail, 2001), medium-chain acyl-CoA dehydrogenase
(Mataga et al., 2000), ferredoxin NADP+ reductase (unpublished results of A. Arakaki),
and p-hydroxybenzoate hydroxylase (Chapter 5) demonstrates that this mechanism of
quenching is generally applicable.
Considering fluorescence anisotropy, the E. coli glutathione reductase enzymes
revealed a quite unexpected phenomenon which has led to the proposal of a new
mechanism of flavin fluorescence depolarization in Chapter 3. Analysis of the time-
resolved anisotropy decay of glutathione reductase revealed two processes of flavin
fluorescence depolarization. A small process could be assigned to intramolecular
Summarizing discussion
177
homoenergy transfer between the two flavins (Bastiaens et al., 1992b). The dominant
rapid process was in human erythrocyte glutathione reductase interpreted as local
mobility of the isoalloxazine ring (Bastiaens et al., 1992b). However, the complete
absence of this rapid depolarization process in the anisotropy data of the E. coli mutants
GR Y177F and GR Y177G rendered this explanation highly unlikely. There was no
reason to assume that the flavin would be mobile in wild-type enzyme and not in the
tyrosine mutants; in fact, fluorescence lifetime data over a broad range of temperatures
indicated a more flexible structure for the mutant enzymes (Chapter 2). Based on these
results, it was proposed that not internal mobility of the flavin itself, but a transient
charge-transfer complex between tyrosine 177 and the light-excited flavin, is the source
of rapid depolarization. Excitation of the flavin induces a relaxation process in the protein
environment that leads to the formation of a transient charge-transfer complex between
the flavin and tyrosine in which the direction of the emission dipole moment of the flavin
is changed. Binding studies of wild-type E. coli glutathione reductase with the substrate
analogues 2'P-5'ADP-ribose and NADP+ supported the direct involvement of Tyr177 in
the rapid depolarization process. The strong temperature dependency of the time constant
for fast depolarization confirmed the dynamic nature of the process.
Supporting evidence for this new mechanism of fluorescence depolarization was
found in NADH peroxidase (Visser et al., 1998), an enzyme of which the active-site
structure strongly resembles that of glutathione reductase: in the crystal structure, the
NADH binding site is blocked by a tyrosine residue (Tyr159) that is juxtaposed to the
flavin (Stehle et al., 1991). The fluorescence anisotropy decay of wild-type NADH
peroxidase showed a rapidly depolarizing process that was absent in the mutant enzyme
Y159A. Besides a clear temperature dependence, the rapid depolarization in wild-type
enzyme also showed a clear wavelength dependence with faster depolarization on the red
side of the emission spectrum than on main-band detection (Visser et al., 1998). These
findings indicate that the formation of a charge-transfer complex, in which the emission
dipole moment moves out of the plane of the isoalloxazine ring may well be a general
mechanism of flavin fluorescence depolarization in systems with aromatic amino acids at
Van der Waals distance of the isoalloxazine ring.
8.3 Exploring the limits of time resolution and ensemble detection
The studies on the glutathione reductase enzymes show that not every visible
fluorescence lifetime corresponds to a single protein conformation. In fact, the opposite
can be true as well. Even in systems where clear evidence is available for the existence of
different protein conformations, it can be difficult -if not impossible- to detect and
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identify these various conformations by means of fluorescence lifetime data. In Chapter
4, this complication occurred for E. coli thioredoxin reductase (TrxR). For this enzyme,
strong indications from structural and spectroscopic data were found for the involvement
of a large domain rotation in catalysis yielding two conformations; one corresponding
with the crystal structure (named FO), and one in which the flavin and NADPH cofactor
are juxtaposed (named FR). Key data had been acquired from the mutant enzyme TrxR
C138S that displayed remarkably different absorption and fluorescence characteristics
(QTrxR C138S = 0.07 QTrxR). It was then proposed that in TrxR C138S, the FO conformation
is stabilized by a hydrogen bond between Ser138 and the flavin causing strong
fluorescence quenching. Wild-type TrxR was postulated to be predominantly in the FR
conformation. Steady-state fluorescence titrations of both enzymes with the thiol reagent
phenylmercuric acetate and the NADPH analogue 3-aminopyridine adenine dinucleotide
corroborated this model (Mulrooney & Williams, 1997). Although the fluorescence
intensity of the different above-mentioned enzyme/substrate (analogue) complexes varied
highly, hardly any differences in the fluorescence lifetime spectra were found. Only by
applying state-of-the-art fluorescence methods with a time resolution up to several
hundreds of femtoseconds in combination with time-resolved spectral data, we were able
to demonstrate and characterize both the FO and FR conformation. As a fluorescence
lifetime of one picosecond is dominant in the FO species of TrxR C138S, whereas
fluorescence in the nanosecond region originates from enzyme molecules in the FR
conformation, measurements on nanosecond time scales are fully determined by the
fraction of enzyme molecules in the FR conformation. Flavin fluorescence relaxation
experiments combined with steady-state optical techniques provided insight into the
dynamic properties of the enzyme and the conformational equilibrium. A remarkable
effect of the solvent composition was observed for high concentrations of glycerol which
trigger the domain rotation from the FO to the FR conformation.
These TrxR studies show that fluorescence lifetimes of just a few picoseconds, or
even hundreds of femtoseconds, can disclose important information on the
conformational dynamics of proteins. Mataga et al. (1998) have been the first to report
femtosecond fluorescence quenching in flavoproteins. By means of fluorescence up-
conversion techniques they were able to detect fluorescence quenching on time scales
between ~100 fs and ~10 ps in the formerly 'nonfluorescent' flavoproteins riboflavin-
binding protein and glucose oxidase. Recently, more extensive studies on these enzymes
(Mataga et al., 2000; Zhong & Zewail, 2001) and medium-chain acyl-CoA
dehydrogenase (Mataga et al., 2000) were reported. The results on thioredoxin reductase
prove that an ultrahigh time resolution is not only a necessity to study such
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'nonfluorescent' flavoenzymes, but also an important tool to properly investigate every
protein system irrespective of its quantum yield. Time has now come to no longer ignore
indications for the existence of rapid events, but to fully investigate them.
However, even fluorescence techniques with an ultrahigh time resolution cannot
always reveal the presence of different protein conformers. This is illustrated by the study
on p-hydroxybenzoate hydroxylase (PHBH) presented in Chapter 5. Crystallographic
studies of binary enzyme/substrate (analogue) complexes with wild-type PHBH and
Y222 mutants had revealed two distinct enzyme conformations; the 'in' conformation, in
which the isoalloxazine ring of the FAD cofactor is located in the active site, and the 'out'
conformation, in which the flavin ring has moved towards the surface of the protein.
Time-resolved fluorescence analysis of these binary enzyme/substrate complexes,
however, revealed similar fluorescence lifetime distributions for the 'in' and 'out'
conformations. The main reason for this is found in the active-site structure of PHBH
where various potential quenching sites are located close to the flavin (<10 Å). Among
these are a tryptophan and three tyrosines, two of which are involved in substrate
activation (Tyr201 and Tyr385), and the third one (Tyr222) in controlling flavin mobility.
As a consequence, the fluorescence decay of PHBH is rather complex and is best
described by five lifetime components. In the 'in' and 'out' conformations, the shortest
distance between these quenching sites and the isoalloxazine ring differs only little on
average, so that they are likely to contribute to fluorescence quenching in both
conformations. An additional complication is the fact that binding of the aromatic
substrates itself causes efficient fluorescence quenching, most probably due to a similar
electron transfer mechanism as in the tyrosine-containing reductases. As a consequence,
the 'in' or 'out' conformation is only reflected in the relative contributions of the longer
lifetimes, which are small compared to the amplitude of the lifetime originating from
quenching by the substrate. Although in substrate-free PHBH, the flavin was shown to be
flexible (Eppink et al., 1999), the different conformations cannot be separated in the
fluorescence lifetime spectrum of this state either. As conventional time-resolved
fluorescence data are obtained from a large number of molecules, the fluorescence
lifetime pattern of uncomplexed PHBH is an ensemble average in which the patterns
corresponding to separate conformations are mixed. Such limitations can be overcome by
the recently developed single-molecule detection (SMD) techniques (for an introduction,
see Chapter 1).
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8.4 From ensemble detection to single-molecule resolution
The transition from ensemble data to single-molecule experiments does not only
require innovative technological adaptations, it also asks for new visions on data
interpretation. Instead of evaluating data in terms of equilibria, reaction rates and affinity
constants, understanding of experiments requires insight into individual processes,
pathways and interactions. Not to mention that one has to consider the (statistical)
relevance of the phenomena observed. The necessity of such detailed insight certainly
applies to single-molecule conformational dynamics studies. Molecular dynamics (MD)
simulations can help to explore the dynamics and transition pathways of single molecules
at atomic resolution. A link between time-resolved fluorescence data of ensembles of
molecules and the molecular dynamics of single molecules was created in Chapter 6 of
this thesis. Hereto, the system of investigation was simplified to the FAD cofactor, which
can exist in both 'open' and 'closed' conformations. MD simulations were performed in
the ground state as well as in the first excited state. The highly heterogeneous
fluorescence intensity decay of FAD yielding lifetime spectra with two major
components, one ultrafast (<10 ps) and one in the nanosecond region, could be explained
by the simulations: coplanar stacking of the adenine and flavin rings provided a proper
structural basis for immediate fluorescence quenching through photoinduced electron
transfer in the 'closed' state, and transitions from 'open' conformations to 'closed'
conformations generally occurred within the lifetime of the flavin excited state. These
simulation results yielded a theoretical fluorescence lifetime of the order of the
nanosecond lifetime experimentally observed. Conformational transitions of the molecule
appear to be dominated by highly cooperative networks of hydrogen-bonds in the ribityl-
pyrophosphate-ribofuranosyl chain.
Another important aspect for understanding single-molecule fluorescence is
thorough knowledge of the fluorescence characteristics of the chromophore under the
conditions used in single-molecule spectroscopy. The fact that fluorescence
characteristics and molecular properties at the high excitation light intensities used in
SMD may deviate drastically from those in conventional ensemble methods using low
light intensities, is illustrated in Chapter 7. Here,  Fluorescence Correlation Spectroscopy
(FCS) was used to investigate the excited-state properties of FMN, FAD and lipoamide
dehydrogenase, the latter one serving as a model system for the flavin cofactor in a
protein environment. Because of the high triplet quantum yield of FMN (>0.5) and long
lifetime of the triplet state, the system very soon starts to build up a population of
nonfluorescent molecules. This process was irreversible, most likely as a result from
intramolecular photoreduction of the flavin and (subsequent) photobleaching.
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Photoreduction was clearly shown in titrations of FMN with ascorbic acid. FAD has a
better photostability than FMN due to the considerably lower triplet quantum yield
resulting from stacking of the adenine and flavin moieties. Experiments on lipoamide
dehydrogenase showed that at high excitation energies, dissociation of the flavin cofactor
may occur.
The photophysical and photochemical limitations observed in the pilot study with
FCS indicate that studying protein dynamics through single-molecule flavin fluorescence
detection will prove a challenging enterprise. The single-molecule study on the
flavoenzyme cholesterol oxidase reported by Xie and co-workers (Lu et al., 1998; Xie &
Lu, 1999) should therefore be considered as a spectacular and surprising breakthrough. In
this study, the redox cycle of single cholesterol oxidase molecules was monitored through
the successive 'on-times' and 'off-times' from the enzyme in the oxidized and reduced
state, respectively. An important aspect was the confinement of enzyme molecules in an
agarose gel, which prevented translational diffusion of the enzyme, but allowed free
exchange of substrates and products. However, for the study of the active-site dynamics
considerably more detail is needed.
8.5 Prospects for studying conformational dynamics by flavin fluorescence
detection
The recent spectacular developments in single-molecule fluorescence detection
(see Deniz et al., 2001, for an overview) shall undoubtedly lead to ubiquitous application
of this approach in exploring conformational dynamics. Maturation of the current
techniques and the development of new methods will result in a versatile toolbox for
studying dynamics in different biomolecular systems. A bright future may in particular be
foreseen for techniques that combine ratiometric burst analyses with fluorescence lifetime
or time-resolved anisotropy detection. So far, investigations on protein conformational
dynamics have mainly been directed at protein folding issues (e.g., Ishii et al., 1999), and
relatively large motions such as in motor proteins (e.g., F1-ATPase, Adachi et al., 2000).
Still many obstacles need to be overcome before single-molecule studies will routinely
disclose more subtle processes such as active-site dynamics at a detailed level. Further
developments in (rigid bimodal) labelling and immobilization techniques, as well as in
detection and analysis methodologies shall be required to reveal the entire range of
dynamic processes in a single protein.
Although the emphasis may be put on single-molecule studies, a substantial role
will remain for fluorescence techniques based on ensemble detection. In addition to being
a reliable source of information on average properties of biomolecules and a bench-mark
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for SMD studies, these methods continue to be indispensable in time domains that are not
(yet) accessible to single-molecule detection. Particularly in the (sub)picosecond domain,
ensemble detected time-resolved fluorescence techniques are just beginning to shed light
on dynamic, electronic, and physical events. In addition, it may prove difficult -if not
impossible- to extend the usage of SMD to all biomolecular systems. External
fluorescence labelling can not be employed in all situations. Besides inconvenient
mobility of the label itself -which may be avoided by bimodal labelling techniques-,
steric aspects may not always allow the introduction of a fluorescent label. The delicacy
of the molecular structure and of the dynamics may also play a role. Single-molecule
studies through natural fluorescence detection are still scarce. Unfavourable
photophysical characteristics such as a low fluorescence quantum yield or extinction
coefficient, or susceptibility to photochemical processes are the reason that many systems
are still difficult to tackle. Retrieving information from an ensemble of molecules that
underwent only few excitations may then be preferable to interpreting highly noisy SMD
data or to registering merely the photochemical death of a single molecule.
In this respect, flavoenzymes are not the easiest systems. Notwithstanding the
impressive results of Lu et al. (1998) described above, the photochemical and
photophysical features of the flavin cofactor will complicate the general usage of single-
molecule flavin fluorescence detection. Besides the intrinsic high triplet quantum yield of
the flavin, and the extremely low flavin fluorescence quantum yield of many
flavoproteins, the dissociability of the flavin cofactor can be a major obstacle. The further
development of SMD techniques based on two-photon excitation will provide an
important tool to overcome the problem of rapid photodestruction of the flavin.
Selectively focussing on a single immobilized flavoenzyme allows optimization of the
signal to noise ratio and registration of the single-molecule trajectory over a maximum
period of time. Confinement of the protein in a gel as first used by Lu et al. (1998), seems
an elegant, noninvasive method for this. Dissociation of the chromophore may be
circumvented by using flavoenzymes with a covalently attached flavin cofactor. An
exciting and challenging  approach would be to try and use time-resolved single-molecule
flavin fluorescence anisotropy detection under such optimized conditions.
Another approach to overcome some of the above-mentioned problems is to use a
(rigidly attached) second, external fluorescent label. Whereas direct excitation of the label
can yield information on the overall or segmental dynamics of single flavoproteins,
spFRET between the flavin and the label may provide more detailed insight in the protein
dynamics. Though the flavin may in principle act as a donor as well as an acceptor in
spFRET, the efficient flavin fluorescence quenching by aromatic amino acids will in most
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flavoenzymes limit its use to being an acceptor. Dynamic information can then be
retrieved from the fluorescence decrease and lifetime-shortening of the donor. A suitable
energy donor for flavins is the now widely applied green fluorescent protein, particularly
the mutant BFP. Flavoenzyme-BFP adducts will be particularly interesting from a single-
molecule enzymatics point of view: the fluorescence emission of BFP can be used as a
sensitive antenna for the redox state and thus the enzymatic activity, as only in the
oxidized state of the flavin the spectral cross-sections overlap. The value of flavoenzyme-
BFP adducts for investigating protein conformational dynamics may be restricted by the
size of BFP. Ideally, one would like to use site-specific rigid bimodal labelling with small
fluorophores for studying flavoprotein dynamics. Such systems not only enable well-
controlled spFRET experiments, but also provide another site for smFPA studies. A
prime candidate for such single-molecule approach is E. coli thioredoxin reductase: real-
time monitoring of the domain rotation in this enzyme during catalysis should be feasible.
Advantageous is also the relatively high flavin fluorescence quantum yield of this
enzyme: through four-channel-detection, one could even monitor both the emission of the
flavin and the external label, and simultaneously obtain dynamic information from time-
resolved anisotropy or lifetime data. Highly promising four-channel-detection techniques
are currently developed in laboratories such as that of the Seidel group (MPI, Göttingen;
Eggeling et al., 2001). Such single-molecule experiments shall provide a more detailed
picture of the conformational dynamics of flavoenzymes and its relation to the catalytic
function.
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Dynamische eiwitstructuren
Het leven is in essentie gebaseerd op de continue werking van een
verscheidenheid aan eiwitten die chemische reacties aansturen. Deze eiwitten, enzymen
genaamd, kunnen chemische reacties versnellen (katalyseren) die normaliter niet, of
slechts heel langzaam, spontaan in de natuur verlopen. In de Biochemie wordt de
voortgang van een chemische reactie beschreven in termen van 'vrij enzym en vrij
substraat (uitgangsstof)', 'enzymgebonden substraat', 'de overgangstoestand',
'enzymgebonden product' en 'vrij enzym en vrij product'. Enzymatische reacties hebben
op zichzelf geen invloed op de globale structuur van enzymen: De eiwitketens,
opgebouwd uit 20 verschillende soorten aminozuren, zijn en blijven opgevouwen in een
specifieke drie-dimensionale structuur, die voor elk eiwit is geoptimaliseerd voor het
katalyseren van een specifiek proces. In het klassieke biochemische model kunnen tijdens
de reactie wel locale veranderingen in de eiwitstructuur optreden, b.v. als gevolg van
interacties met het substraat, maar heeft het enzym in principe een starre structuur. In de
laatste 25 jaar is echter uit experimenten een heel ander beeld ontstaan: Veel eiwitten
bezitten een (deels) flexibele structuur waarbij bewegingen van kleinere of grotere delen
van het eiwit kunnen leiden tot verschillende eiwitconformaties. Een interessante vraag
die hieruit oprijst, is welke rol het dynamisch gedrag van enzymen speelt tijdens het
katalytisch proces.
Fluorescente flavo-enzymen
Een interessante klasse van enzymen voor studies naar de rol van
conformatiedynamica in de katalytische functie, zijn de flavo-enzymen. Flavo-enzymen
zijn betrokken bij tal van processen in de cel. Flavo-enzymen bevatten als hulpstof
(cofactor) in het enzym een molecuul afgeleid van riboflavine, een stof beter bekend als
vitamine B2. De meest voorkomende vormen van dit molecuul zijn flavine-
mononucleotide (FMN) en flavine-adenine-dinucleotide (FAD) (zie Figuur 1.5 in
hoofdstuk 1). Zowel uit biochemisch als uit biofysisch oogpunt is het belangrijkste
onderdeel van de flavinecofactoren de zogenaamde isoalloxazinering ofwel flavine-ring.
Nederlandse samenvatting
208
Flavo-enzymen kunnen chemische reacties katalyseren doordat zij hiermee tijdens de
katalyse elektronen kunnen opnemen van één substraat ('reductie van het geoxideerde
flavine') en deze vervolgens doorgeven ('oxidatie van het gereduceerde flavine') naar een
tweede substraat, zodat er een product wordt gevormd. De flavine-ring bevindt zich dan
ook in het hart van het zogenaamde 'actieve centrum' van het enzym, daar waar het
katalytisch proces plaatsvindt.
Wat flavo-enzymen nu zo bijzonder interessant maakt, is dat de flavine-ring van
nature fluorescent is. Fluorescentie kan ontstaan wanneer een daarvoor gevoelig molecuul
wordt beschenen met licht, waarbij het molecuul lichtenergie opneemt (absorptie) zodat
het in een 'aangeslagen toestand' terechtkomt. Moleculen in de aangeslagen toestand
willen het liefste snel terug naar hun uitgangstoestand, een proces dat relaxatie wordt
genoemd. Een van de manieren waarop dit kan plaatsvinden is door middel van het
uitzenden van lichtenergie, ofwel fluorescentie. Als één van de zeer weinige stoffen,
kunnen flavines groen licht uitzenden. Dit maakt het mogelijk om met behulp van
fluorescentietechnieken heel specifiek processen in het actieve centrum van flavo-
enzymen te bestuderen.
De dynamische flavo-enzymen in dit onderzoek
Het  onderzoek beschreven in dit proefschrift was erop gericht om meer inzicht te
krijgen in de dynamica van het actieve centrum van flavo-enzymen door middel van
fluorescentietechnieken. Hierbij is veel aandacht geschonken aan de wijze waarop de
fluorescentie-eigenschappen van flavo-enzymen en flavines in verband kunnen worden
gebracht met hun structuur en functie. In dit onderzoek staan drie flavo-enzymen
centraal; glutathion-reductase, thioredoxine-reductase en parahydroxybenzoaat-
hydroxylase.
Glutathion-reductase (GR) is een voorbeeld van een flavo-enzym waarbij een
relatief kleine beweging van de eiwitketen belangrijk is voor de functie. Het enzym
katalyseert de omzetting van geoxideerd glutathion naar gereduceerd glutathion en
gebruikt hiervoor het hulpsubstraat NADPH. Gereduceerd glutathion heeft een zeer
belangrijke functie in b.v. tal van ontgiftingsprocessen in de cel. De structuur van het
enzym in kristalvorm, die werd opgehelderd met Röntgendiffractietechnieken, vertoont
iets merkwaardigs: In GR wordt de toegang tot het actieve centrum geblokkeerd door een
tyrosine-aminozuur, zodat de hulpstof NADPH niet in de buurt van de flavine-ring kan
komen. Voor het optreden van de chemische reactie is het dus nodig dat dit tyrosine-
residu opzij schuift, waardoor er een locale conformatieverandering optreedt.
Kristalstructuren van het GR waaraan de hulpstof is gebonden, laten zien dat dit in de
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praktijk ook kan gebeuren: Figuur 1.7 (hoofdstuk 1) toont een deel van de structuur van
het actieve centrum van GR uit de bacterie Escherichia coli; nl. de FAD cofactor en de
tyrosine die op positie 177 in de eiwitketen zit (Tyr177), zowel in het vrije enzym
(bovenste plaatje) als in het enzym in complex met de hulpstof (NADP+; onderste
plaatje).
Een veel grotere eiwitbeweging is cruciaal voor de functie van het enzym
thioredoxine-reductase (TrxR) uit Escherichia coli. Dit enzym katalyseert de reductie van
een klein eiwit, thioredoxine, met behulp van NADPH. Thioredoxine is o.a. betrokken bij
de opbouw van DNA-componenten en eiwitvouwing. Merkwaardigerwijs, kan de
kristalstructuur van TrxR maar een deel van het katalytisch proces verklaren. Door nu een
specifiek gebied (domein) van het eiwit in computerbewerkingen te roteren, kon men
echter precies een (theoretische) eiwitstructuur krijgen, die de rest van de reactie kan
verklaren. Deze voorgestelde conformatieverandering is afgebeeld op de omslag van dit
proefschrift: TrxR bestaat uit twee identieke eenheden (monomeren; in blauw en
roodachtig, met de FAD-cofactoren in groen), die elk weer bestaan uit twee
eiwitdomeinen (lichtblauw met donkerblauw of rood met oranje). Op de achterzijde van
het proefschrift is de kristalstructuur van het enzym afgebeeld (in iets vereenvoudigde
vorm, en uitgaande van een variant van het enzym waarin aminozuur cysteine 138 is
veranderd in een serine; TrxR C138S). Beide monomeren bevinden zich hier in de
zogenaamde 'FO-conformatie'. De voorzijde toont TrxR C138S met één monomeer
opnieuw in de FO-conformatie (de blauwe) en de andere in de FR-conformatie, waarbij
het rode eiwitdomein over 66° is geroteerd. De FR-conformatie bleek veel fluorescenter
dan de FO-conformatie (zie hoofdstuk 4), wat op de kaft op een vrije wijze tot expressie
is gebracht.
In het derde enzym, parahydroxybenzoaat hydroxylase (PHBH), speelt een heel
ander type beweging een rol. In PHBH kan de flavine-ring van het FAD zelf bewegen.
Kristalstructuurbepalingen van enzym/substraat(analoog)-complexen met natuurlijk
PHBH en mutanteiwitten waarin het residue tyrosine 222 werd vervangen, lieten twee
verschillende conformaties zien; de 'in'-conformatie, met de flavine-ring gelocaliseerd in
het actieve centrum van het enzym, en de 'uit'-conformatie, waarin de flavine-ring
verschoven is naar een positie meer aan het oppervlak van het eiwit. Een illustratie
hiervan is gegeven in Figuur 1.9 (hoofdstuk 1) waarin het flavine in de 'in'-conformatie is
weergegeven in zwart, en in de 'uit'-conformatie in wit. PHBH speelt een rol bij de
afbraak van houtcomponenten door bodembacteriën.
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Nieuwe mechanismen voor fluorescentiequenching en -depolarisatie in
flavo-enzymen
Het dynamisch gedrag van Escherichia coli GR is in hoofdstuk 2 bestudeerd met
behulp van fluorescentielevensduurmetingen. In deze experimenten wordt het flavine in
het enzym aangeslagen met een zeer korte lichtpuls (<10-11 s) waarna het fluorescentie-
intensiteitsverval van het flavine wordt gevolgd in de tijd (~10-11 - ~10-8 s). Het natuurlijk
enzym werd vergeleken met gemuteerde vormen van het enzym, waarin het aminozuur
tyrosine 177 dat in de enzymstructuur de ingang van het actieve centrum blokkeert, werd
vervangen door een fenylalanine (GR Y177F) of een glycine (GR Y177G).
Fluorescentielevensduurmetingen aan het natuurlijk enzym lieten een extreem snelle
doving ('quenching') van de fluorescentie zien. Hierbij konden maar liefst vijf
tijdconstanten voor quenching (fluorescentie-levensduren) worden onderscheiden,
waarvan een extreem korte fluorescentieduur (7 x 10-12 s) sterk overheerste. De
fluorescentie van de mutanten GR Y177F en GR Y177G vertoonde eveneens een
complex intensiteitsverval, maar de extreem snelle fluorescentiequenching ontbrak. Op
basis van de fluorescentie-quenching in de mutantenzymen en het feit dat de langere
fluorescentielevensduren sterk overeenkwamen met die in het natuurlijk GR, kon worden
geconcludeerd dat er, naast tyrosine 177, ook andere aminozuren in het enzym kunnen
bijdragen aan fluorescentiequenching, zonder dat daarvoor verschillende conformaties
van het enzym aanwezig hoeven te zijn (de tot dan toe algemeen gebruikte wetenschap-
pelijke verklaring voor complexe fluorescentielevensduurverdelingen). Dit mechanisme
voor fluorescentiequenching, het 'multiple quenching sites'-model genaamd, was eerder
gepostuleerd op basis van theoretische studies, maar experimenteel bewijs hiervoor was
nog niet eerder geleverd. Ook de studies aan de enzymen TrxR (hoofdstuk 4) en PHBH
(hoofdstuk 5) bevestigden de geldigheid van dit 'multiple quenching sites'-model.
De fluorescentielevensduurstudie aan GR bood tevens inzicht in het moleculaire
mechanisme van fluorescentiequenching, en wierp (tezamen met andere studies) een
nieuw licht op het  begrip 'niet-fluorescente flavo-enzymen'. Door het toegenomen
tijdoplossend vermogen van de fluorescentietechnieken kan nu fluorescentie gedetecteerd
worden van enzymen waarvan de fluorescentie zo extreem snel gedoofd wordt, dat men
vroeger aannam dat ze niet fluoresceerden. Uit vergelijking van de structuren van
voorheen 'niet-fluorescente' enzymen bleek dat in veel van deze enzymen één of
meerdere tryptofaan- en/of tyrosine-aminozuren in de directe nabijheid van het flavine
zijn gepositioneerd. Eerder al werd aangetoond dat in een enzym waarin een tryptofaan
vlakbij het flavine zit, flavinefluorescentiequenching kan optreden door
elektronoverdracht van die tryptofaan naar het flavine dat zich in de (door licht)
Nederlandse samenvatting
211
aangeslagen toestand bevindt. De studie aan natuurlijk GR heeft aangetoond dat de
extreem snelle fluorescentiequenching hier waarschijnlijk wordt veroorzaakt door
elektron-overdracht van tyrosine 177 naar het flavine in de aangeslagen toestand. Zeer
recentelijk is in studies door andere onderzoekers dit fluorescentiequenching-mechanisme
voor tyrosine-bevattende flavo-enzymen bevestigd met behulp van andere technieken.
Fluorescentiedepolarisatie-experimenten, waarin gekeken wordt naar de
verandering van de polarisatierichting van het fluorescentielicht in de tijd, hebben voor E.
coli GR tot opmerkelijke resultaten geleid op basis waarvan een nieuw mechanisme voor
flavinefluorescentiedepolarisatie is voorgesteld (hoofdstuk 3). Fluorescentiedepolarisatie
bleek plaats te vinden als gevolg van twee processen; intramoleculaire energieoverdracht
tussen de beide flavines in het enzym (een proces met een kleine bijdrage), en een
dominant proces dat leidt tot een snelle depolarisatie van het fluorescentielicht. Dit laatste
proces werd eerder bij het humaan enzym geïnterpreteerd als locale beweeglijkheid van
de flavine-ring, geheel in lijn met de gangbare fluorescentietheorieën. Een dergelijke
'beweeglijkheid van het flavine' kon echter niet worden opgemerkt in de gemuteerde
enzymen GR Y177F en GR Y177G, hoewel fluorescentielevensduur-metingen hadden
aangetoond dat de structuur van het actieve centrum van beide mutantenzymen flexibeler
is dan die van het natuurlijke enzym. Op basis van bindingsstudies van het natuurlijke
enzym met substraatanalogen en experimenten bij verschillende temperaturen en bij
verschillende viscositeit, is een mechanisme voorgesteld waarbij fluorescentie-
depolarisatie het gevolg is van een directe interactie tussen het flavine en de nabijgelegen
tyrosine: Na de opname van licht (absorptie) ontstaat er tijdelijk een interactie tussen het
flavine en de tyrosine, waarbij ladingsoverdracht plaatsvindt. Als gevolg van deze
interactie verschuift de richting van het emissiedipoolmoment, waardoor
fluorescentiedepolarisatie kan optreden. Vergelijking met de fluorescentie-eigenschappen
van een verwant flavo-enzym laat zien dat het voorgestelde mechanisme wellicht ook een
algemenere geldigheid heeft.
Op zoek naar de grenzen van tijdresolutie en ensembledetectie
Het onderzoek aan GR toont aan dat niet iedere fluorescentielevensduur afkomstig
hoeft te zijn van één specifieke eiwitconformatie. Er kan zelfs sprake zijn van het
tegendeel. Zelfs in eiwitten waar duidelijk bewijs is voor het bestaan van verschillende
conformaties, kan het moeilijk -zo niet onmogelijk- zijn deze met behulp van
fluorescentielevensduurmetingen te detecteren. Een dergelijke complicatie deed zich voor
in hoofdstuk 4 bij E. coli TrxR. In aanvulling op de eerdergenoemde kristalstructuur
waren indicaties voor het bestaan van twee enzym-conformaties (FO (de kristalstructuur)
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en FR (de ‘geroteerde’ structuur)) in oplossing verkregen uit vergelijking van absorptie-
en fluorescentiespectra van natuurlijk TrxR en TrxR C138S, en uit fluorescentietitraties
van beide enzymen met het thiolreagens fenylkwikacetaat en de cofactoranaloog
3-aminopyridine-adenine-dinucleotide. Hoewel de fluorescentie-intensiteit van de
verschillende enzym/substraat(analoog)-complexen sterk varieerde, bleken de
fluorescentielevensduur-verdelingen nagenoeg identiek. Alleen door het gebruik van
geavanceerde fluorescentiemethodieken met een zeer groot tijdoplossend vermogen
(~10-13 s) in combinatie met tijdopgeloste spectrale data, konden zowel de FO- als de FR-
conformatie aangetoond en gekarakteriseerd worden. Daar de langlevende fluorescentie
volledig afkomstig is van enzymen in de FR-conformatie, blijven bij standaard
tijdopgeloste fluorescentie-experimenten met een tijdoplossend vermogen van ~10-11 s -
~10-9 s de moleculen in de FO-conformatie buiten beeld. Door tijdopgeloste
flavinefluorescentiemetingen te combineren met absorptiespec-tra, fluorescentie-
intensiteitsspectra en circulair-dichroïsme-spectra, werd inzicht verkregen in de
dynamische eigenschappen van het enzym en het conformatie-evenwicht. Een opvallend
oplosmiddeleffect werd waargenomen in hoge concentraties glycerol; deze
omstandigheden induceren voor TrxR C138S een domeinrotatie van de FO- naar de FR-
conformatie. Het onderzoek aan TrxR toont aan dat een zeer hoge tijdresolutie niet alleen
een voorwaarde is voor het bestuderen van 'niet-fluorescente' eiwitten, maar ook
belangrijk is voor het volledig karakteriseren van meer fluorescente eiwitten. In het
fluorescentie-onderzoek is de tijd nu aangebroken om aanwijzingen voor zeer snelle
processen niet langer te negeren, maar ze volledig the bestuderen.
Zelfs met fluorescentietechnieken met een zeer hoge tijdresolutie kan de
aanwezigheid van verschillende eiwitconformaties echter niet altijd worden aangetoond.
Een illustratie hiervan is het onderzoek aan PHBH in hoofdstuk 5.
Kristalstructuurbepalingen aan verschillende enzym/substraat-complexen lieten twee
verschillende conformaties voor het flavine zien; de 'in'-coformatie en de 'out'-
conformatie. Tijdopgeloste fluorescentiemetingen aan deze enzym/substraat-complexen
leverden echter vergelijkbare fluorescentielevensduur-verdelingen op. De voornaamste
oorzaak hiervan ligt in de structuur van het actieve centrum van PHBH, waarin
verschillende potentiële quenching sites (met name een tryptofaan residu en drie
tyrosines) zich dicht (< 10-9 m) bij het flavine bevinden. In de 'in'- en 'uit'-conformaties
verschilt de kortste afstand van deze residuen tot het flavine gemiddeld maar weinig,
zodat de residuen bij kunnen dragen aan de fluorescentiedoving in beide
enzymconformaties. Daar komt nog bij, dat binding van een aromatisch substraat zelf tot
zeer efficiënte fluorescentiedoving leidt. Als gevolg hiervan kan de 'in' of 'uit'-
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conformatie in de enzym/substraat-complexen enkel afgeleid worden uit de langere
fluorescentielevensduren, waarvan de relatieve bijdrage (t.o.v het snelle
fluorescentiedovingsproces) slechts gering is. Hoewel het flavine in het vrije enzym
waarschijnlijk flexibel kan bewegen, kunnen ook fluorescentielevensduurmetingen aan
vrij enzym geen inzicht bieden in de verschillende conformaties. Aangezien met
conventionele fluorescentietechnieken gemeten wordt aan een groot aantal moleculen
tegelijk, toont de fluorescentielevensduur-verdeling van het vrije enzym een gemiddeld
beeld van alle situaties in alle moleculen tezamen (ensemble gemiddelde).
Levensduurpatronen behorende bij de 'in'- en de 'uit'-conformatie worden hierin
gemengd. Dergelijke beperkingen kunnen worden overwonnen met behulp van nieuw
ontwikkelde fluorescentiemethoden die de fluorescentie van één enkel molecuul kunnen
detecteren.
Van metingen aan ensembles naar een enkel molecuul
De overgang van klassieke metingen aan een grote hoeveelheid moleculen naar
metingen op het niveau van een enkel molecuul vraagt niet alleen om nieuwe
technologieën, maar ook om begrip van de processen en interacties die zich op dat niveau
afspelen. Met behulp van computersimulaties kan inzicht verkregen worden in de
dynamica van een enkel molecuul op atomair niveau. In dit proefschrift wordt in
hoofdstuk 6 een verband gelegd tussen de tijdopgeloste fluorescentie-eigenschappen van
een verzameling moleculen en de moleculaire dynamica van een enkel molecuul. Hiertoe
wordt uitgegaan van een vereenvoudigd systeem; nl. de FAD cofactor, die zowel een
'open' (gestrekte) als een 'gesloten' (dubbelgevouwen) conformatie kan aannemen. De
fluorescentielevensduurverdeling van FAD met twee dominante componenten – één zeer
korte (~10-11 s) en een wat langere (~10-9 s) – kan worden verklaard op grond van de
simulatieresultaten; conformaties waarin de flavine-ring en de adenine-ring van het FAD
molecuul evenwijdig boven op elkaar liggen (coplanar stacking) bieden een goede basis
voor zeer snelle fluorescentiedoving (corresponderend met de zeer korte
levensduurcomponent) waarschijnlijk als gevolg van lichtgeïnduceerde elektronen-
overdracht van het adenine naar het flavine in deze 'gesloten' toestand. Overgangen van
de gestrekte 'open' toestand naar een 'gesloten' toestand vonden in vrijwel alle gevallen
plaats op de tijdschaal van de levensduur van de aangeslagen toestand, en leverden een
theoretische fluorescentielevensduur op in de orde van grootte van de experimenteel
waargenomen lange fluorescentielevensduur. In het FAD blijken veel conformatie-
overgangen te worden bepaald door sterk samenwerkende netwerken van
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waterstofbruggen in de ribityl-pyrophosphate-ribofuranosylketen die de flavine- en de
adenine-ring van het molecuul verbindt.
Een ander belangrijk aspect voor het begrip experimenten op het niveau van een
enkel molecuul is grondige kennis van de fluorescentie-eigenschappen van de
fluorescente groep onder de daar gangbare omstandigheden. Het feit dat bij de hoge
lichtintensiteit zoals gebruikt in dergelijke experimenten de fluorescentie-eigenschappen
significant kunnen afwijken van de normaliter gemeten waarden, wordt geïllustreerd in
hoofdstuk 7. In deze verkennende studie wordt Fluorescentie Correlatie Spectroscopie
gebruikt om de fluorescentie-eigenschappen van de flavinecofactoren FMN en FAD en
het enzym lipoamide-dehydrogenase op het niveau van een enkel molecuul te testen. De
fotofysische eigenschappen van de flavine-ring blijken experimenten op het niveau van
een enkel te bemoeilijken. Met name bij FMN resulteert de hoge triplet-
kwantumopbrengst al snel in een onherstelbaar verlies van fluorescentie (photobleaching)
voor veel van de moleculen. Waarschijnlijk speelt intramoleculaire fotoreductie gevolgd
door afbraak van de fluorescente groep, hierbij een rol. Voor het enzym lipoamide-
dehydrogenase leidt het gebruik van hoge lichtintensiteiten waarschijnlijk tot het loslaten
(dissociatie) van de flavinecofactor. De fotofysische en fotochemische beperkingen van
het flavinemolecuul zoals waargenomen in deze verkennende studie doen vermoeden dat
het onderzoeken van conformatiedynamica van eiwitten door middel van flavine-
fluorescentie op het niveau van een enkel molecuul, een wetenschappelijk uitdagende,
maar geen gemakkelijke onderneming zal zijn.
Een blik in de toekomst
De resultaten van het onderzoek zoals hier samengevat worden in hoofdstuk 8
bediscussieerd in het licht van recente wetenschappelijke ontwikkelingen. Tevens wordt
het blik gericht op de toekomst van het onderzoek naar conformatiedynamica van
eiwitten met behulp van fluorescentietechnieken. Zeker hierbij is dat de spectaculaire
ontwikkelingen van de afgelopen paar jaar op het gebied van fluorescentiedectectie van
een enkel molecuul zullen leiden tot algemene toepassing van deze methoden bij het
onderzoek naar conformatiedynamica. Enkele van deze nieuwe technieken waarvan in de
toekomst op het gebied van de conformatiedynamica veel verwacht kan worden, worden
besproken in hoofdstuk 8. Hoewel de nadruk wellicht komt te liggen op studies op het
niveau van een enkel molecuul, zal er naar verwachting een belangrijke rol blijven voor
fluorescentiemethoden op basis van ensembledetectie. Naast een betrouwbare bron voor
informatie over de gemiddelde eigenschappen van biomoleculen, zijn deze technieken
ook onmisbaar voor onderzoek op tijdschalen die (nog) niet toegankelijk zijn voor de
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detectie van een enkel molecuul. Met name op de zeer korte tijdschalen (~10-13 s – ~10-11
s) begint men nu pas inzicht te krijgen in fysische, elektronische en dynamische
processen in biomoleculen met conventionele methoden. Daarnaast is het waarschijnlijk
niet mogelijk om enkel-molecuul-fluorescentie te gebruiken voor alle vraagstellingen. Zo
is het lastig om in een eiwit een additionele fluorescente groep in te bouwen vlak bij het
actieve centrum, zonder de structuur, dynamica en functie van het enzym zelf te
beïnvloeden. Voor dynamische processen in het actieve centrum van enzymen blijft
detectie via de natuurlijke eigenschappen derhalve te prefereren, zelfs wanneer dit niet op
het niveau van een enkel molecuul kan. De mogelijkheden voor experimenten op het
niveau van een enkel molecuul op basis van natuurlijke fluorescentiedetectie zijn beperkt.
Vanuit deze optiek blijven flavo-enzymen een bijzonder interessant onderwerp van
onderzoek, ondanks de fotofysische en fotochemische beperkingen van het molecuul.
Nieuwe enkel-molecuul-fluorescentietechnieken die de kans op photobleaching beperken
en simultaan verschillende fluorescentie-eigenschappen registreren, kunnen hierbij in de
toekomst een meer gedetailleerd beeld opleveren van de conformatiedynamica van flavo-
enzymen in relatie tot de katalytische functie.
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Nawoord
‘Time is just a restriction of physical presence’, een citaat van de natuurkundige
Feynman dat ik, kort na het begin van mijn promotieproject, zomaar aantrof op het bord
in de laserkelder. Het intrigeerde me direct; sloeg dit citaat niet prachtig op mijn
onderzoek naar conformatiedynamica met behulp van tijdopgeloste fluorescentie, waarbij
je functionele bewegingen in eiwitten kunt zien als een gerichte opeenvolging van
fysieke interacties tussen atomen en (delen van) moleculen, elk met hun eigen
karakteristieke tijdsduur.
Hoezeer het citaat uiteindelijk ook van toepassing zou zijn op het verloop van het
promotietraject en het schrijven van dit boekje in het bijzonder, kon ik toen nog niet
vermoeden. Pas nu, met het verschijnen van dit proefschrift komt mijn tijd als
promovendus aan de vakgroep Biochemie te Wageningen ten einde. Naast de 'physical
presence' op de verschillende verdiepingen van het Transitorium, die ook de laatste jaren
nog geregeld kon worden opgemerkt, was daar met name de mentale verbondenheid.
Misschien kan die nog het beste worden vervat in ‘Time is just a restriction of mental
presence’.
Al met al is het een fantastische tijd geweest! Graag wil ik iedereen bedanken die
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moment ook weer die suggestie aan te dragen of dat contact te leggen, waarmee ik verder
kon komen. Ik hoop dat het Microspectroscopiecentrum in Wageningen en je
deeltijdhoogleraarschap in Amsterdam je nog veel vreugdevolle fluorescentie-avonturen
zullen opleveren. Prof. Colja Laane wil ik hartelijk bedanken voor alle morele steun en
hulp tijdens, en bij de afronding van dit onderzoek. Prof. Cees Veeger ben ik erkentelijk
voor de interesse in het onderwerp, en de mogelijkheid om het promotie-onderzoek in de
vakgroep Biochemie te starten.
Many collaborations in- and outside the Netherlands have contributed to the
research described in this thesis. I'm glad that I now have the opportunity to thank all
people involved. I am very much obliged to Prof. Charles Williams (University of
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